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ABSTRACT 

A development program was conducted in two phases to define the characteristics and 
requirements of an electrochemical oxygen/nitrogen supply technique for space station 
application. In Phase I, electrode formulations and structures suitable for use as anodes 
in an oxygen/nitrogen generator were experimentally investigated. A one-man model 
oxygen/nitrogen generator integrated with a space cabin atmosphere simulator was fab- 
ricated and successfully tested in Phase II. Data from these tests were used to update 
a computer routine model of the cabin atmosphere control using the oxygen/ nitrogen 
generator technique. A specification and preliminary design for a 12- man oxygen/ 
nitrogen generation system was prepared. 
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SUMMARY 


A developmen ogram was conducted concerned with the use of a hydrazine /water 
electrolysis technique to provide both the metabolic oxygen for crew needs and the 
oxygen and nitrogen for cabin leakage makeup. A laboratory breadboard model one- 
man Og/Ng generation system was integrated with a cabin and metabolic/leakage simu- 
lator to provide a testbed for determining cabin atmosphere control cnaracteristics and 
for evaluating components. 

Experimental electrodes were developed and were successfully operated in the one-man 
model system. 

A zero-gravity closed reservoir system including a bubble separator was evaluated. 

Control of the total pressure and oxygen partial pressure in the cabin simulator was 
demonstrated in a series of runs of the integrated system. 

A computer routine model of the 0 2 /N 2 system was updated and revised based or the 
experimental data from the integrated system testing. This updated computer model 
predicts adequate control of a 12 -man space station under orbital conditions. 

A preliminary design and specification for a full-scale 12-man 0 0 /N 0 system suitable 
for space station use yielded a total system weight of 862 lb, including spares, and 
power consumption of 7,830 watts with redundancy and sparing to a reliability of 0. 998C 
for a 180-day mission. 
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Section 1 
INTItODU C r io M 


For extended space -base and space-station maimed missions, an oxygen/nitrogen 
cabin atmosphere will be utilized. The inert dilu nt will reduce the fire hazard of the 
oxygen and will enhance the physiological hrbitabiiity of the environment. 

Oxygen consumed metabolically by the crew is recovered from metabolic wastes in a 
water /waste management and regenerative life support system and is recycled to the 
jab in. Water electrolysis is a process considered for use in this cycle to recover 
oxygen from water and provide hydrogen for carbon dioxide reduction. 

Losses in cabin atmosphere due to cabin leakage necessitate storage of oxygen and ni- 
trogen for leakage makeup on long-duration missions. For a mission of less than 30 
days, it may be practical to carry nitrogen and oxygen onboard the spacecraft using 
either cryogenic or high-pressure gaseous storage. For an extended mission, however, 
the weight penalty associated with cryogenic or high-pressure gaseous tankage is 
excessive. 

The development program described herein is concerned with the use of a hydrazine/ 
water electrolysis technique to provide both the metabolic oxygen for crew needs and 
the oxygen and nitrogen for cabin leakage makeup. With this system, oxygen and nitro- 
gen are stored chemically as water and hydrazine m low-pressure (and therefore low- 
weight) tankage. This system also has the feature of providing automatic control of the 
space cabin total pressure and oxygen partial pressure. 

The primary objectives of the program were to acquire test data on a laboratory model 
of the oxygen/ nitrogen system and to provide a preliminary design for a 12-man proto- 
type system. The r "am involved two major areas of effort consisting of (1) electrode 
and cell development and (2) the f • '"mbl / and test of a one-man model system to 
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provide data for the preliminary design. A computer routine model of the oxygen/ 
nitrogen system control of a space cabin atmosphere, developed previously under Con- 
tract NAS1-7706, was updated on the basis of the model system test data. 

The specific tasks that were completed in meeting the program objectives were as 
follows : 

• Electrode active material development 

• Electrode structure and fabrication techniques 

• Component selection 

• Computer analyses 

• Breadboard system assembly 

• Breadboard system test 

• Preliminary design of prototype system 

These tasks were accomplished by analytical and experimental investigations in the 
following areas: 

• Experimental electrodes were fabricated using various formulations, structures, 
and processing techniques. Performance was evaluated using a potentiostatic 
apparatus and an electrolysis cell test facility. 

• Performance of system components was evaluated experimentally in a one- 
man model system. Performance characteristics were established for an 
oxygen partial pressure and total pressure control system, a cabin and 
metabolic/leak simulator, a zero-gravity water feed system, a zero-gravity 
bubble separator, and a hydrazine flow control system. 

• Automatic control of a cabin simulator total pressure and oxygen partial pres- 
sure was demonstrated with the model oxygen/nitrogen generation system in 

a series of tests. 

• Computer analyses were made in conjunction with the system testing to update 
the computer routine model. T- it results were used to verify the updated 
computer routine. 
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• A preliminary system design effort culminated in the design of a 12-man 
oxygen/nitrogen generation system capable of providing a nominal supply of 
26. 1 lb/day of oxygen and 8 lb/day of nitrogen. The design includes a maxi- 
mum load capability of 33. 2 lb/day of oxygen and 22. 6 lb/day of nitrogen. 

The sections that follow in this report are concerned primarily with the areas of elec- 
trode development, system testing, and computer analyses. The computer routine and 
the preliminary system design have been documented separately with a computer 
utilization manual (Ref. 1) and preliminary design and specification report (Ref. 2). 
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Section 2 

RESULTS AND TECHNICAL DISCUSSION 


2. 1 ELECTS. jDE DEVELOPMENT 

2.1.1 EIect"oaa Design Requirements 

The electrode, an integral part of the electrolysis unit, must meet rigid electrical and 
physical requirements. (Refs. 3 and 4.) 

The basic components of the electrode assembly in the LMSC electrolysis unit are: 

(a) rim, (b) catalytic surface, and (c) catalyst. Functions of these components are: 

• The rim besides serving as a rigid support, provides a path for current 
and voltage. 

• The catalytic surface is the center of the electrolysis process. 

• The catalyses primary function is to reduce the chemical activation 
overpotential. 

The design of the rim and the use of platinum black in a Teflon catalytic surface were 
established at the beginning of the program . Accordingly, all developmental effort 
was centered on the fabrication and application of a Teflon/platinum (Pt) surface on a 
nickel screen. 

Theoretically, a catalytic surface can be divided into two main parts, one to provide 
physical strength and ’’flow through” properties for reaction gases and reactants, and 
a second part to provide maximum reactive area for the electrolysis process. 

In actual operation, the matrix must provide a wettable or hydrophilic surface for the 
electrolyte to function and a pore structure with enough hydrophobicity to transfer the 
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reaction gases and repel the electrolyte. The pore structure must not be too dense 
so as to block the gas flow. 

Another property that is important is electrical conductivity. Resistance must be low. 

Thus, the ideal electrode might be one with a maximum hydrophilic conductive reac- 
tion area as well as a porous hydrophobic structure for efficient gas passage. 

Attainment of the above with Teflon and platinum is primarily a fabrication problem. 

In order to improve application of experimental mixes and conductivity of the final 
matrix, acetylinic carbon was added. The carbon also helped reduce the hydrophobic 
properties of the Teflon. 

2.1.2 Test Facilities 

The following two test facilities were available: 

• Immersed Electrode Polarization Apparatus 

• Laboratory Model Electrolysis Cell Apparatus 

Immersed Electrode Polarization Apparatus . In order to study initial performance 
characteristics of the experimental electrodes, the Immersed Electrode Polarization 
Apparatus was designed and built. (See Fig. 2-1. ) This apparatus is essentially two 
H cells — electrolysis and reference units, respectively — connected by an electrolyte 
bridge. The reference unit is equipped with three standard pl tinum electrodes, two 
for hydrogen and oxygen production and the third for a point of reference. The counter 
and working (experimental) electrodes are located in the electrolysis unit. The com- 
plete cell holds 300 cc of 30-percent potassium hydroxide solution. 

A WENKING potentiostat is used to control and measure variations in voltage and cur- 
rent between the reference and working electrodes. Both units are vented to the hood. 

This apparatus provides a quick and accurate evaluation of the effective surface area 
or reaction zone of candidate electrodes prior to final testing in the laboratory model 
electrolysis cell. 

)• 
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Electrode samples were cut to a 1 x 2 cm size and spotwelded on a nickel lead. Data 
points were obtained from the electrode samples by measuring the reference voltage 
vs. the working voltage for different current densities. 

Laboratory Model Electrolysis Cell Apparatus . The Laboratory Model Electrolysis 
Cell Test Facility designed and built by LMSC (Contract ISi.aSI- 7706) is routinely used 
for the purpose of obtaining long-term electrolysis cell data and for general cell 
development. In contrast to the Immersed Electrode Polarization Apparatus, this test 
facility simulates actual operational conditions. Four test stations are available. 

Each station is provided with the necessary inputs of current-controlled electrolysis 
power, an auxiliary ac power source, coolant, feed water, and inert gas purge. 
Ammeters are used for current readout, and both digital and strip chart readouts are 
used for voltage. A complete description follows. 

Two test stations are shown in Fig. 2-2. The electrolyte circulation loop components 
can be seen in this figure. Electrolyte leaving the electrolysis cell is discharged into 
a reservoir. A magnetically-driven, plastic centrifugal pump is used to circulate the 
electrolyte. From the pump, the electrolyte is passed through an all-plastic shell and 
tube heat exchanger in which cold ethylene glycol flows through the shell side. A 
plastic valve is used to adjust the electrolyte flow as indicated by a flowmeter. After 
passing through the flowmeter, the electrolyte is returned to the cell. (See Section 
2.2. 1 for a complete description of the cell configuration. ) 

After startup, the operation of a cell is completely automatic. The main control func- 
tions are cell temperature and water feed. Cell temperature control is maintained 
with a miniature thermoswitch located at the electrolyte discharge from the cell. This 
switch provides a signal to a solenoid valve to provide coolant on demand. A heating 
circuit also is provided to permit testing at temperatures above ambient. Water feed 
control is achieved with a level control switch that provides a signal for liquid water 
feed to the reservoir on demand. Because the test stations were designed for auto- 
matic operation and unattended operation on a 24-hr a day basis, a number of safety 
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functions were built into the control panels shown in Fig. 2-3. During normal opera- 
tion, panel lights indicate the electrolyte cooling and heating cycles, that the pump is 
operating, and that the purge-gas (Ng) solenoids are closed. Unsafe operating condi- 
tions, if they occur, are indicated in the upper row of panel lights. Unsafe conditions 
would exist if there were no electrolyte flow; the electrolyte level in the reservoir were 
too high or too low; or the cell temperature were too high. 

In the event of an unsafe condition, the safety circuit is activated to automatically shut 
down the test station. Electrolysis cell power is turned off; the pump, coolant, and 
water feed go off; and nitrogen purge to both sides of the cell is turned on. The panel 
light for whichever safety function shuts down the station remains on, indicating the 
cause of shutdown, until it is reset. All of the safety circuits contain latching relays 
to prevent the station from being reactivated automatically before the cause of the un- 
safe condition can be rectified. 

Differential pressure control between the gas and electrolyte phases is accomplished by 
discharging electrolyte from the cell below the level of the inet. This provides a suc- 
tion pressure in the electrolyte so that the generated gases can be discharged at ambient 
pressure and still maintain a positive gas-over-liquid pressure. Although it is not nec- 
essary for maintaining sufficient gas-back pressure, the generated gases are generally 
discharged into bubblers with a few inches of water back-pressure to give a visual in- 
dication of gas generation. 

Cell performance data are automatically recorded on a continuous basis with an auto- 
matic data logging system utilizing a jh-&r>eed typewriter, digital clock, digital 
voltmeter, and multichannel scanner , 

2.1.3 Cell Tests - Operating Parameters 

Voltage vs. Current Density . The voltage -current density relationship (polarization 
curve) for an electrolysis cell is the primary descriptor of its performance. Because 
the gas generation rate is Faradaic, the pov/er required to produce a given amount of 
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gas is directly proportional to the cell voltage. It is, therefore, desirable to have a 
cell with a "flat" polarization curve, i.e. , minimum voltage change with increasing 
current. This also applies to the small polarization apparatus measurements. 

The cell voltage is the sum of four components: 

V cell “ V oc + V ir + 1°2 + ” H 2 < 2 -’> 


where 

V qc = theoretical open-circuit cell potential 

V. = IR loss 
lr 

77 0 2 = xygen overvoltage 
77 = hydrogen overvoltage 


The theoretical open-circuit cell potential for hydrogen and oxygen is 1 . 23 V. However 
in an actual device, the open-circuit potential is closer to 1. 0 V due to a mixed poten- 
tial at the oxygen electrode. When current is passed between the electrodes, a voltage 
drop (or IR loss) is produced because of the cell resistance. For a given cell configu- 
ration, the resistance is fixed and the IR loss is proportional to the applied current. 

The overvoltage contributions to the cell voltage are a complex function of catalytic 
activity of the active electrode material and the mechanism of the reaction at each 
electrode. A number of contributions to the literature have advanced theories to ex- 
plain the existence of overvoltages and mechanisms of the reactions. These theories 
have been conflicting in most cases and no one explanation has gained universal 
acceptance. 

While it is possible to determine electrode overvoltages by physical measurement in 
bulk electrolyte (Ref. 5 ), the use of these data to predict electrode performance in a 
practical cell is complicated by the presence of the matrices. A more practical 
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approach that was taken in this program was to insert a standard hydrogen refer once 
electrode in the externa 1 electrolyte circulation loop. The voltages that were then 
monitored were related by: 


r cell ~ V + V II, 


where 

V n = oxygen electrode potential vs. standard hydrogen 
U 2 

V„ = hydrogen electrode potential vs. standard hydrogen 
h 2 


( 2 . 2 ) 


Comparing Eq. (2. 2) with Eq. (2. 1) it is seen that Vq 2 and each include a part 
of the open-circuit potential, Vqq , and the IR loss, Vir , in addition to the over- 
voltage. At open circuit, Vu is zero and VOr. is equal to Vq 0 . Since only the 
total cell resistance and not the resistance distribution across the cell was measured, 
the IR loss contribution to each electrode and absolute values of overvoltage could not 
be determined from the measurements of V 02 and VHg > 

These potentials, which will be referred to in subsequent sections as ’’electrode 
polarization, ” are useful parameters for evaluating electrolysis cell performance and 
give additional insight into the operating characteristics of different electrode and 
matrix materials and the effect of other operating parameters. 

A typical electrolysis cell polarization diagram is shown in Fig. 2-4. The v jltages 
shown are initial values and do not reflect long-term performance changes. The 
polarization of the oxygen electrode is more than three times as severe as that of the 
hydrogen electrode, and it is evident that cell performance improvement is more 
likely to be achieved by reducing the oxygen electrode polarization. 

Temperature and Electrolyte Concentration . The cell temperature and KOH electrolyte 
concentration are operating parameters that are independent of each other in that each 
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Fig. 2-4 Electrolysis Cell Polarization 
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can be set arbitrarily and controlled without regard to the other. Their effects on the 
operating characteristics of the cell, however, are interrelated. The first criterion 
for choosing the optimum electrolyte concentration is to minimize the internal cell DR 
loss. As can be seen in Fig. 2-5, the minimum electrolyte resistance occurs between 
25 and 30 weight percent. 






The effects of temperature aie two-fold: first, the temperature affects the operating 
cell voltage; and second, it affects the absolute humidity of the generated gases. 

2. 1.4 Experimental Results and Discussion 

A summary of the experimental electrode testing that was conducted is presented in 
Table 2-1. 


The following materials were used in the experimental work: 


Material 

Teflon (TFE) Powder TL 126 

Teflon Industrial Finish 

50% TFE Teflon Suspension 

Black Platinum 

Nickel Powder 

Graphite 

Expanded Nickel Screen 


Source 

Liquid Nitrogen Pr ^cessing Corp. 
E. I. Dupont DeNemours & Co. 

Engle hard Co. 

LMSC 

Exmet 

Diemesh Ccrp. 


2. 1.4. 1 Preliminary Formulations 

Initial work was confined to a Teflon/ catalyst mix with the following desired properties: 

• It must be easily applied to a nickel screen. 

• The final catalytic surface must be hydrophilic, conductive, and porous. 

• It must adhere to the screen. 


i 
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Table 2-1 


EXPERIMENTAL ELECTRODE TEST SUMMARY 


Electrode 

Number 

Catalyst 

Load 

(mg/cm 2 ) 

— 
Type of Test 

Anode 

Voltage 

(V) 

Current 

Density 

(mA/cm 2 ) 

Test 

Time 

(hr) 

Comments 

i T-l 

Ni 87 

Conductivity 




Electrode surface noneonductive 

T-2 

Ni 50 

Conductivity 




Electrode surface noneonductive 

T-3 

Ni 

Processing 




Mixture would not adhere to substrate 

T-4 

Pt 13 

Processing 




Formed noneonductive film 

T-5 

Pt 12 

Processing 




Formed noneonductive film 

T-6 

Pt 9 

Processing 




Formed noneonductive film 

T-7 through T-18 

Pt 

Processing 




No measurements made 

T-19 

Pt 20 

Polarization 


75 

2 

Disintegrated 

T-20 

Ni 20 

Polarization 




Immersed test - see Fig. 2-6 

T-21 

Ni 20 

Polarization 

msm 

50 

2 

Immersed electrode polarization test 

| T-22 

Ni 30 

Polarization 


125 

2 

Immersed electrode polarization test 

j T-23 

Ni 30 

Polarization 

■Sjs 


2 

Immersed electrode polarization test 

| T-24 

Ni 45 

Polarization 


150 

2 

Immersed electrode polarization test 

; T-25 

Pt 

Processing 




Mixture did not adhere to substrate 

] T-26 through T-28 

P* 

Processing 





T-29 

Pt 16 

Polarization 


50 

2 

Immersed electrode polarization test 

T-30 

Pt 20 

Polarization 

EfB 

38 

2 

Immersed electrode polarization test 

j T-31 

Pt 20 

Polarization 

2.00 

80 

2 

Immersed electrode polarization test 

j T-32 

Pt 40 

Polarization 


35 

2 

Immersed electrode polarization test 

T-33 

Pt 80 

Polarization 

ESS 

115 

2 

Immersed electrode polarization test 

i T-34 

Pt 25 

Processing 




No measurements made 

| T-35 

Pt 26 

Processing 




No measurements made 

T-36 

Pt 25 

Proeessine 




No measurements made 

! T-37 

Pt 26 

Processing 




No measurements made 

j T-35 

Pt 20 

Processing 




No measurements made 

i T-39 

Pt 21 

Processing 




No measurements made 

| T-40 

Pt 25 

Polarization 

1.98 

150 

2 

Immersed electrode polarization test 

! T-41 

Pt 25 

Polarization 

2.00 

150 

2 

I.nmersed electrode polarization test 

: T-42 

Pt 33 

Polarization 

2.00 

150 

2 

Immersed electrode polarization test 

! T-43 

Pt 22 

Processing 




No measurements made 

T-44 

Pt 16 

Polarization 

1.82 

150 

2 

Immersed electrode polarization test 

| T-45 through T-52 

Pt 

Processing 




No measurements made 

T-53 

Pt 30 

Polarization 

1.82 

150 

i 

Immersed test - see Fig. 2-7 

; T-54 

Pt 30 

Polarization 

1.80 

150 

i 

Immersed test - see Fig. _-7 

| T-55 through T -62 

Pt 

Processing 




No measurements made 

! T-63 

Pt 35 

Polarization 

2.2 

150 

7 

Immersed electrode polarization test 

| T-R4 

Pt 35 

Polarization 

1.8 

120 

1 

Immersed test; cellulose acetate binder 

j T-65 through T-70 

Pt 

Processing 




Scale-up to 18 cm2 size 

I T-71 

Pt 22 

Electrolysis 

2. 18 

150 

294 

See FTg. 2-10.18 cm 2 

! T-72 

Pt 22 

Electro’ysis 

2.10 

150 

200 

See Fig. 2-10,18 cm 2 

i T-73 through T -86 

Pt 

Processing 




Scale-up to 90 cm 2 size 

T 87 

Pt 20 

Electri -lysis 

2.3 

150 

<1 


T-88 

Pt 6 

Electrolysis 

2.4 

150 

1 


T-89 

Pt 11 

Electrolysis 

2.3 

150 

2 


T-90 and T-91 

Pt 12 

Processing 




No measurements made 

1 T -02 

Tt 20 

Electrolysis 

2.5 

150 

7 


| T- 93 th rough T- 114 

Pt 

Processing 




No mease rements made 

! T-.15 

Pt 20 

Electrolysis 

2.3 

150 

7 


1 T-l 16 

Pt 20 

Electrolysis 

2.3 

150 

3 


' T-117 and T-118 

Pt 

Processing 




No measurements made 

T-119 

Pt 20 

Electrolysis 




See Fig. 2-10 

i T-120 

Pt 22 

Electrolyses 

2.3 

150 

6 


| T-121 

Pt 

Processing 




No measurements made 

T-122 

Pt 22 

Electrolysis 

2. 10 

150 

136 

See Fig. 2-11 

T-123 

Pt 22 

Electrolysis 

2.16 

150 

142 

See Fig. 2-11 

T-124 

Pt 22 

Electrolvsis 

1.88 

150 

135 

See Figs. 2-11 and 2-12 

T-125 

Pt 22 

□ectrolj sis 

1.80 

150 

35 

See Figs. 2-11 and 2-13 

T-126 

Pt 22 

Electrolysis 

2.10 

150 

70 

See Figs. 2-11 and 2-14 

T-127 

Pt 22 


Structure 




See Fig. 2-8 
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Accordingly, many experimental formulations were prepared using various forms of 
Teflon and varying amounts of catalyst. Nickel powder and platinum black were used. 
The general process was to weigh the ingredients and to mix them with an easily re- 
movable solvent such as toluene. The resulting paste was spread on the expanded 
nickel screen, dried at room temperature, and pressed, either by rolling or pressing 
at a relatively high pressure. In some cases, the electrode was heat treated. 

The initial electrodes did not meet all of the desired properties. Excessive pressures 
rendered the Teflon a completely hydrophobic film, and excess Teflon had the same 
effect. Insufficient Teflon did not give the required structural strength to the electrode, 
and the catalytic surface disintegrated in the electrolyte. Excessive amounts of carbon 
tended to decrease the structural strength. 

There were difficulties encountered in the initial application of the paste on the screen. 
The fluid paste tended to go through the screen. This problem was solved by backing 
the screen with a porous Teflon sheet prior to application of the paste. The sheet was 
then stripped off the completed electrode. 

Later on, the nickel screen was coated with a microfilm of Teflon prior to application 
of the matrix. 

The first series of electrodes was prepared using nickel as a catalyst rather than 
platinum in an effort to reduce experimet il costs. These electrodes were relatively 
simple - merely a mix of Teflon, catalyst, and lubricant tolled to a nickel screen. 
Electrode number T-20 is an example. Its formulation is as follows: 

Teflon Powder (TL-126) 21.7 Percent 

Nickel Powder 72. 0 Percent 

Graphite 6.3 Percent 

The three ingredients were blended and approximately 0. 1 gm of mineral oil was 
added. The resulting paste was rolled on a screen until a smooth catalytic surface 
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was formed. After heat treatment at 300 °F for 20 minutes, the electrode was washed 
with toluene to remove the mineral oil, then dried at 100 °C. 


Conductivity and wettability of the electrode were satisfactory. However, it was not 
structurally strong. After several test cycles in the immersion polarization apparatus, 
the catalytic surface disintegrated when subjected to electrolytic action. (See Fig. 2-G. ) 


In order to improve the structural strength of the matrix , a commercially prepared 
Teflon suspension was used with the TL-126. Electrode number T-20A is an example. 


Teflon Powder 
Teflon Suspension 
Nickel 
Graphite 


24 Percent 
10 Percent 
48 Percent 
18 Percent 


This electrode also disintegrated. 


While certain techniques involved in the handling of Teflon mixes were developed in the 
work with nickel powder, it was found that substitution of platinum for nickel called for 
modification of procedures. Also, a decision was made to concentrate on using the 
Teflon suspension rather than the dry Teflon powder. 

Formulations T-53 and T-54 were the first experimental platinum electrodes with 
electrical and physical characteristics approaching those of the acceptable commercial 
electrode. The formulation is as follows: 

Teflon Suspension 40 Percent 

Black Platinum 50 Percent 

Graphite 10 Percent 


The platinum and graphite were thoroughly blended in 3 to 5 cc of toluene. Then, the 
Teflon suspension was weighed into the mix and the formulation was worked with a 
spatula into a homogeneous paste. The paste was spread on a Teflon-backed screen 
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and rolled gently until it adhered to the screen. The electrode was dried (toluene 
removed) at room temperature for 2 hr, washed with distilled water, and finally dried 
in a 100 °C oven. 

Both T-53 and T-54 were porous, hydrophilic, conductive, and had sufficient struc- 
tural strength to withstand the action of the 30-percent KOH solution. (See Fig. 2-7. ) 

During this phase of the work some effort was made to improve the porosity by incor- 
porating a soluble material into the mix and, as a final step, washing the material out, 
leaving a porous matrix. This method was found to be generally unsatisfactory in that 
complete removal of the additive was difficult; hence, an impurity in the matrix. 

Subsequent mixes using this basic formulation and varying the percentage of platinum 
from 40 to 60 percent showed that a satisfactory electrode could be prepared. It also 
was quite evident that the amount of pressing and rolling of the final catalytic surface 
had a marked effect upon the electrical uniformity of the final electrode. Excessive 
rolling tended to form a nonporous, nonconductive film. In general, the small elec- 
trodes were subjected to four passes through a small hand calendering device. 

This phase of the work yielded an electrode that was conductive, hydrophobic, and 
offered enough catalytic area for efficient oxygen production in an immersed electrode 
apparatus. 

Figures 2-8 and 2-9 are microphotographs of typical catalytic surfaces of an experi- 
mental electrode and a commercial electrode. Note the porosity. 

2. 1.4. 2 Electrodes for the Electrolysis Test Setup 

2 

Electrodes for this application were scaled up to 18 cm and were circular. Different 
requirements presented new problems. 
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The two primary electrode requirements for efficient cell operation are as follows: 

• The electrode must offer a maximum hydrophilic catalytic surface to the 
electrolyte. 

• The porous inner electrode must be hydrophobic, so that the reaction gases 
will be transfer! ad. 

A totally wet electrode tends to offer a barrier to the gaseous reaction products , and 
the bubbles of gas, so blocked, will reduce the available catalytic surface of the elec- 
trode. A rapid rise in voltage is an indication of this condition. By cutting the power 
to the cell, the elecrrode will recover, but will again rise rapidly when power is 
restored. 

A different approach was made at this point. A slightly hydrophobic carbon electrode 
was prepared first. Then a platinum/Teflon catalytic surface was applied to the car- 
bon surface. T-71 is an example. 

Carbon Electrode . 

Acetyliniu Carbon 58 Percent 

Teflon Suspension 42 Percent 

One cc of toluene was added to the above and the blend was mixed. The paste was 
spread on a Teflon-backed screen , dried at room temperature , and rolled until a 
porous, slightly hydrophobic film was obtained. 

Platinum Electrode . 

Black Platinum 50 Percent 

Teflon Suspension 50 Percent 

One cc of toluene was added to the above and, after mixing, the paste was spread on 
the carbon surface, dried at room temperature, and washed with distilled water. The 
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firished electrode was installed in the laboratory electrolysis unit. Results are shown 

o 

on Fig. 2-10. The platinum loading was 22 mg Pt/cm . 

This electrode compared quite favorably with some of the better commercial elec- 
trodes. At the end of 294 hr, the cell voltage had risen from 2. 04 to 2. 39 V, and the 
oxygen voltage had risen from 1. 6 to 2. 18 V. 

T-72 and T-119 (Fig. 2-10) are examples of electrodes prepared in this manner. 

2 

Catalytic loads are 25 and 30 mg/cm Pt, respectively. 

Figure 2-11 shows the laboratory performance of experimental electrodes that were 
used later in the one-man unit discussed below. These electrodes were all made from 
the same formulation in the same manner. 

2. 1.4. 3 Large Electrodes for One-Man Unit 

2 

These electrodes were 90 cm . Two methods of preparation evolved from *vork. 

• A catalyst/Teflon/carbon paste is prepared and applied to a screen. 

• A carbon electrode is prepared first ' nd a catalyst/TefLon matrix is applied 
to the surface. 

Screen Preparation . The screen was given a dilute sulfuric acid wash followed by a 
distilled water rinse. It was found that a micro-coat of Teflon on the screen improved 
the gas flow through the matrix as well as increased the adhesion of matrix to screen. 

Treatment of Matrix . Rolling, pressing, and temperatures were kept to a minimum 
in c-Jer to combat the film -forming tendencies of Teflon. 

Usable Formulations. 


Teflon Suspension 
Platinum Black 
Acetylinic Carbon 
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40 to 60 Percent 
55 to 45 Percent 
10 Percent 


OXYOEN POLARIZATION 



2-22 


Fig. 2-10 Voltage vb. Time Curves for T-7 i , ’-72, T-119, and a Commercial Electrode Assembly 
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This mix, diluted slightly with toluene, can be applied to either a carbon/Teflon sur- 
face or a Teflon-backed screen. After drying at room temperature for 2 hr , the 
matrix can be rolled (ealandered) four passes. It is a good idea to cover the surface 
with a thin polyethylene or wax paper sheet prior to rolling to prevent matrix pickup. 
Commercial wax paper was found to be satisfactory. 

After the rolling operation, the matrix can be washed with toluene, dried at 100 °C or 
less , and finally washed with distilled water. 

Initial Performance Checks . Estimations of hydrophobic and hydrophilic properties 
can be made by dropping a drop of water on the surface. The water will remain a drop 
and will not wet a hydrophobic surface. A hydrophilic surface will wet, causing the 
drop of water to spread out. It is possible to make a rough estimation of contact angle 
and attending hydrophobicity or hydrophilicity of the catalytic surface. 

The conductivity can be checked with a volt-ohmmeter. An interesting check on cata- 
lytic activity can be made by dropping one drop of methyl alcohol on a small portion of 
the electrode. A good electrode will cause the alcohol to burst into flame. 

These various tests were used to provide a qualitative assessment of electrodes. 

The final check is die installable., of the electrode in the electrolysis unit. Figures 
2-12, 2-13, and 2-14 show the electrical performance of three typical electrodes. 

Analytical Work . Throughout the development period the purity of the oxygen generated 
by the experimental electrodes was monitored at various times by infrared and gas 
chromatographic analysis. No contaminants were detected. 
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Fig. 2-12 T-124 Performance in O^/N^ System 




Fig. 2-13 T-125 Performance In C> 2 /N 2 System 






-14 T-126 Performance in CL/N System 




2.2 ONE-MAN MODEL SYSTEM DESCRIPTION 


A laboratory breadboard hydrazine/water electrolysis system was assembled to provide 
a testbed for evaluating the oxygen/nitrogen generator technique. The gas generation 
system was sized to nominally provide a one-man metabolic supply and 1/12 of a space 
station cabin leakage makeup. This system was integrated with a cabin and metabolic/' 
leak simulator and was instrumented to provide automatic control of the atmosphere in 
the cabin simulator. A schematic of this testbed is shown in Fig. 2-15. 

2. 2. 1 Oxygen/ Nitrogen Generation System 

The oxygen/nitrogen generator consists of a closed-loop, liquid -electrolyte circulation 
system in which the gas generator, a stack of electrolysis cells, is operated in conjunc- 
tion with accessories that provide for water and hydrazine feed , waste heat removal , 
differential pressure control, and bubble separation. Thirty percent potassium hy- 
droxide is used as the electrolyte . Figure 2-16 shows the installed oxygen/nitrogen 
generation system. In this system, all surfaces in contact with the electrolyte , with 
the exceptions of the electrodes and matrix support screens, are composed of plastic. 

Electrolysis Cell Stack . The electrolysis cell stack is comprised of 17 unit cells of 
the configuration shown in Fig. 2-17. The unit cell is designed so that liquid electro- 
lyte flows through the center of the cell between two absorbent matrices contiguous to 
the operating electrodes. The matrices provide phase separation between the liquid 
in the center of the cell and the gases being generated on the open structure of the 
operating electrodes. Manifolds for the generated gases and the electrolyte are lo- 
cated on the periphery of the cell spacers; O-rings are used for sealing purposes. 
Cutaway views of the cell assembly are shown in Figs. 2-18 and 2-19. 

The electrode assemblies consist of a rim, a spacer, support screens, an asbestos 
matrix, and an active electrode material. The rim is used for current take-off; a 
jent-ovor tab, which extends outside the cell, is used to interconnect electrodes in 
the stack of cells. The electrode spacer and support screen assembly is spotwelded 
to the rim and serves as a mechanical support and current distributor for the active 
material. The electrode consists of a mixture of black platinum catalyst and TefloD 
applied to a nickel screen substruc* 
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The matijjc material is a highly refine'* asbestos. It is held in place between the elec- 
trode structure and a set of nickel support screens. Epoxy spacers located in the 
electrolyte space hold the opposing matrix support screens apart. Resilient elastomer 
material is used for pressure strips on the gas side of the electrode to ensure uniform 
contact between the matrix and the electrode. These strips also act as springs in the 
stack of cells to take up tolerances in the assembly. 

The cells are arranged in the stack in a cathode -anode -anode arrangement so that each 
internal gas spacer serves two adjacent cells. This reduces the cell spacer components 
required per cell (except for one end cell) to one electrolyte and one gas spacer. When 
the st&cx of cells is being assembled, alignment collars on the electrolyte spacers key 
the cell parts in the proper position and prevent misalignment. 

The 17 cells in the stack are connected hydraulically in parallel and electrically in two 
series banks of eight and nine cells. 

Heat generated by the electrolysis reaction is removed from the cell with the circulat- 
ing electrolyte. By removing the heat in the external loop of the circulation system, 
close control of cell temperature can be maintained. This permits control of the dew- 
points of the effluent gases below ambient, and thereby eliminate ~ the problem of water 
condensation in gas lines, reservoirs, ami valves downstream of the cell. 

Water and consumed in the electrolysis reaction in the cell are replaced by di- 
rect injection of the proper liquid in the external electrolyte circulation loop. Ihis 
method of makeup is conducive to rapid e’ectrolyte equilibration even at high operat- 
ing currents. 

Differential Pressure Controllers . Two differential pressure controllers are mounted 
directly on one end plate of the cell stack. These devices sense the electrolyte pres- 
sure in the cell stack and throttle the hydrogen ar.i oxygen/nitrogen effluent gases to 
provide 25 in. of water differential pressure, gas-over-liquid. When gases are not 
being genei-^ei in the cell stack, nitrogen purge solenoid valves open to provide gas 
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pressure. This differential pressure control is required to maintain the gas/liquid 
interface at the electrodes. The differential pressure controller assembly is shown 
in Fig. 2-20. 

Bubble Separator . A bubble separator is located downstream of the cell stack in the 
electrolyte circulation loop, as shown in Fig. 2-15. The function of this device is to 
remove gas from the circulating electrolyte. The source of this gas is primarily 
dissolved gas in the feed water which is freed in the gaseous phase as water is con- 
sumed in the electrolysis reaction. 

The bubble separator consists of hydrophobic and hydrophilic membranes assembled 
in a configuration, shown in Fig. 2-21, in which liquid can flow only through the hydro- 
philic membrane, and gas can flow only through the hydrophobic membrane. The gas 
side of the separator is vented through a differential pressure controller. This AP 
controller is reverse -acting to the cell stack AP controllers and is used to maintain 
the liquid pressure across the hydrophobic membrane higher than the gas pressure. 

Electrolyte Pump . A pump is used to circulate the electro lyte. It is a commercial 
laboratory model consisting o* a centrifugal impeller assembly which is driven with a 
magnetic coupling. All surfaces in the pump which contact the electrolyte are plastic. 

Heat Exchanger . Waste teat generated in the cell stack is removed from the electro- 
lyte, external to the cell stack, in a teat exchanger. The heat exchanger is a labora- 
tory model shell-and-tube type device constructed entirely of plastic. Coolant is ad- 
mitted to the shell side and electrolyte flows through the tube side. 

Closed Reservoir . The reservoir is a variable-volume device designed for zero- 
gravity operation which is used to maintain system pressure. The configuration of this 
device is shown in Fig. 2-22. A rolling diaphragm works aga. ist «. spring-loaded 
piston to maintain the pressure in the electrolyte circulation loop. Volume changes due 
to the water and hydrazine feed cycles are thus absorbed in the reservoir chamber. 
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Fig. 2-20 Differential Pressure Controller Assembly 








Fig. 2-22 Closed Reservoir Configuration 
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The position of the piston shaft is utilized to control the water feed; this control tech- 
nique and the function of the safety switch are described in detail in Section 2. 2. 3. 



Water and Hydrazine Storage . Spherical storage tanks for water and hydrazine are 
mounted underneath the oxygen/ nitrogen generator. The water tank contains a silicone 
rubber bladder, and nitrogen gas pressure is applied to the back side of the bladder. 
When water feed is required, a solenoid valve opens in the water feed line, allowing 
the nitrogen pressure to force water into the closed reservoir. The hydrazine is stored 
in a similar tank from which the bladder was removed. * It is mounted so that nitrogen 
pressure is applied at the top and hydrazine is withdrawn at the bottom of the tank. As 
with the water feed, a solenoid valve opens to allow hydrazine to enter the closed reser- 
voir. A micrometer valve and flowmeter a^e provided to set the hydrazine flow rate. 
The plumbing required to permit filling, draining, and pressurization of these tanks is 
shown in Fig. 2-15. 

2. 2. 2 Cabin and Metabolic/Leak Simulator 

The tank shown in Fig. 2-23 is used as a cabin simulator. It is equipped with gasket- 
sealed ports, an O-ring sealed door, and has a rotary fan mounted inside to assure 
gas-mixing. It was designed to be suitable for both vacuum aid pressure applications. 
The volume of the tank is 30 cu ft. 

The cabin simulator is integrated with the oxygen/nitrogen generation system and a 
metabolic/leak simulator system. It has, as well, an external sampling loop through 
which cabin gas ia continuously circulated. 

Metabolic /Leak Simulation . Metabolic consumption of oxygen and cabin leakage of 
oxygen and nitrogen are simulated by withdrawing gas from the cabin simulator at a 
controlled rate. Because oxygen cannot be withdrawn preferentially from the cabin, 


+Tb*» bladder material, silicone rubber, is not compatible with hydrazine. A suitable 
• .. ethylene propylene, required a special order, and delivery time was not 
. Hf he program schedule. 
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the total amount of gas removed includes the metabolic and leakage oxygen, the leak- 
age nitrogen, and an amount of excess nitrogen removed with the metabolic oxygen. 

A controlled amount of nitrogen is replaced in the cabin simulator as makeup for ex- 
cess nitrogen removed with the metabolic oxygen. The flow control valve and flow- 
meter configuration used to accomplish this metabolic /leak simulation is shown in 
Fig. 2-15. 


Cabin Atmosphere Sampling Loop . The cabin simulator is operated below ambient 
pressure at approximately 12 psia. In order to remove the metabolic/leak gas, a 
diaphragm pump is used to raise the pressure in a sampling loop outside the cabin to 
a pressure above ambient. A nonrelieving pressure regulator is used to control the 
pressure in this loop. Cabin gas is continuously circulated through the loop for gas 
composition monitoring. Provision also is made for introducing calibration gases in 
the portion of the sampling loop containing the gas -monitoring sensors. 

2.2.3 Instrumentation 

The model system is instrumented with automatic controls of the oxygen-nitrogen 
generator functions, cabin atmosphere control, power conditioning and both digital 
and analog readouts of system parameters. 

All control logic and power conditioning are handled with solid-state circuitry. The 
system is also equipped with automatic safety circuits which will cause complete sys- 
tem shutdown if unsafe conditions occur. A block diagram of the system instrumenta- 
tion is shown in 1 *g. 2-24. Detailed circuit diagrams are included in Appendix A. 

2.2.3. 1 System Controls and Safety 

Water balance in the electrolyte loop is maintained by controlling the electrolyte volume. 
A set of microswitches turn the water feed solenoid valve on and off as the piston in the 
closed reservoir moves up and down. The movement of the piston shaft and the actuation 
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Fig. 2-24 0_/N 9 System Control Block Diagram 



of the microswitches by a detent in the shaft that occurs during a water feed cycle is 
shown in Fig. 2-25. In position (a), the piston is in the middle of the water feed con- 
trol band. As water is consumed in the electrolysis reaction, the electrolyte volume 
shrinks and the piston travels upward to position (b). Here the lower microswitch 
closes and signals the water feed solenoid to open. As water feed continues, the pis- 
ton travels dow~> -trough position (c) and continues to position (d), where closure of 
the upper microswitch signals water feed shutoff. The cycle described in this figure 
is completed as the piston returns to its starting position at (e). 

The piston travels approximately 3/8 in. during a water feed cycle with a correspond- 
ing volume change of about 45 cc. 

The control logic is such that water feed is commanded off whenever both micro- 
switches are actuated, as would be the case if the piston shaft detent is completely 
above or below both switches. A manual override is provided so that the operator 
can command the water feed either on or off at any time. 

Control of the electrolyte temperature, necessary because of the waste heat generated 
in the electrolysis reaction, is accomplished by using a thermoswitch in the electrolyte 
discharge from the cell stack to provide a control signal to a coolant solenoid valve. 

On demand, the solenoid valve opens to allow coolant (ethylene -glycol) to flow through 
the electrolyte heat exchanger. The flow rate is set with a flow control valve. Control 
of the electrolyte temperature also provides control of the dewpoints of the generated 
gases. The thermoswitch used in this system has a switch-closure setting of 75 °F. 

On-off control is provided for the hydrazine feed. A polaragraphic oxygen partial 
pressure sensor in the cabin simulator sampling loop provides the signal to the hydra- 
zine-feed solenoid valve. When cabin POg reaches an adjustable upper set point, 
the hydrazine solenoid opens to admit flow to the closed reservoir. The solenoid 
valve remains open until cabin POg reaches an adjustable lower set point. A manual 
micrometer valve and flowmeter can be used to set the hydrazine flow rate during the 
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on portion of the feed cycle. Manual override is provided so that hydrazine can be 
commanded on or off at any time. 




The electrolysis cell stack current control utilizes a high/low mode of operation. 

Both the high and low current values are adjustable. A signal from a pressure trans- 
ducer is used to control the current mode. When the cabin total pressure ( P T ) 
reaches an adjustable upper limit, the current is commanded to the low mode. The 
low mode is maintained until reaches an adjustable lower set point; the current 
then switches back to the high mode. Manual override is provided so that the current 
mode can be commanded low, high, or off at any time. 



In order to minimize the operating temperature of solenoid valves used in this system, 
a holding -current technique is employed. Whenever a signal to energize a solenoid 
valve coil occurs, a brief actuation current pulse is provided and then the current is 
reduced to a holding level. Power dissipation with this holding current is sufficiently 
lor. so that the solenoid valve bodies remain essentially at ambient temperature. This 
approach is especially useful for solenoid valves that remain energized closed for long 
periods, and increases the operating life of the valve seals. 

Sensors and circuit logic are provided to effect automatic shutdown of the system in 
the event of an unsafe or abnormal operating condition. The shutdown logic , when 
actuated by a safety sensor signal, disables the electrolyte pump, turns off the water 

and 0 2 /N 2 

chambers of the cell stack, ami diverts the Og/Ng module effluent frc a the cabin 
Emulator to a fume hood. 

One of the safety sensors is located on the closed reservoir. Recalling that the water 
feed control utilizes a set of microswitches which operate on a detent on one side of 
the reservoir piston shaft, a similar detent and associated microswitch on the opposite 
side of the piston shaft provide a high or low reservoir volume signal. The safety 
switch is set to actuate ± 150 cc on either side of the water feed control band. High- 
volume shutdown would occur in the event of overfeed of water or hydrazine. Low- 


and hydrazine feed , opens the purge solenoid valves to purge the 
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volume shutdown would occui in the event of lack of water feed or a leak in the elec- 
trolyte loop. 

Overtemperature protection is provided in the form of a thermoswitch mounted in one 
end plate of the cell stack in contact with an end electrode. This sensor is a two- 
position sensor that actuates a warning light at 85° F and an automatic system shutdown 
at 105°F. Overtemperature shutdown would occur in the event of coolant supply failure 
or electrolyte pump failure. 

Protection against excessive hydrazine feed is provided by a polarographic P0 2 
sensor in the cell stack Og/Ng effluent gas line. When an adjustable minimum efflu- 
ent POg Bet point is reached, the hydrazine feed solenoid valve is automatically shut 
off. 

Power loss protection is provided. In the event of the failure or even momentary loss 
of plant power , the system will automatically shut down and will not restart after power 
has been restored until manually reset. 

The system control and safety instrument panel is shown in Fig. 2-26. The lefthand 
side of the panel contains all of the electronic instrumentation; the center panel has 
the data logging signal leads; and the righthand side contains the flow controls for the 
cabin and metabolic/leak simulation. 

Fault diagnosis is provided by the upper row of lights on the instrument panel , which 
can be seen in this figure. Indicators include temperature warning, overtemperature 
shutdown, high/low volume shutdown, and safety POg shutoff of the hydrazine feed. 
The safety indicator that indicates the cause of automatic shutdown will remain on until 
the system is manually reset. All of the safety circuits contain logic to prevent the 
system from being reactivated automatically before the cause of the unsafe condition 
can be rectified. 

A manual override of the safety circuits is provided and is used during system startup 
at the beginning of a test. 
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> 2. 2. 3. 2 Power Conditioning 








Conditioning and regulation of the power for the electrolysis cell stack is accom- 
plished with high -efficiency programmable current-switching regulators. A pulsewidth - 
modulated signal drives a power -switching amplifier, which produces a constant current 
through the cell stack. 

The 17 -cell stack is divided into an eight- and nine-cell electrical bank. Each bank 
has its own current regulator , but shares outputs from the current mode controller 
and oscillator. 


Figure 2-27 illustrates the technique employed to obtain this type of regulation. Load 
current is sampled via a differential voltage developed across the shunt resistor , Rg . 
This signal is amplified by the feedback amplifier and presented to the error amplifier 
where it is compared with a fixed reference signal. If a difference exists between the 
sampled sig nal and the reference signal , an error voltage will be developed and fed to 
the pulsewidth modulator. A fixed frequency (approximately 15 kHz) squarewave oscil- 
lator provides the trigger source for the pulsewidth modulator. The output of the 
modulator drives the switching transistor, Q . 


The transistor serves as a switch and is either shut off or saturated. The length of 
time the transistor is "on" or saturated depends on the time length of the pulse emitted 
from the modulator. The operation of the circuit is divided into two cycles: first, 
when transistor Q is on; second, when Q is off. 


During the interval when Q is on. a current path is provided from the positive side 
of the unregulated input source through inductor, L, shunt, Rg, the cell bank load, 
and through the transistor to the supply return. Switching diode, D , is back-biased 
during this interval; thus, no appreciable current flows through it. Capacitor, C , is 
allowed to charge to the cell bank voltage, thus storing energy. Since the voltage 
across the nonsaturating choke inductor, L, is constant, the current through the 
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Fig. 2-27 Power Conditioning Technique 






choke — which is also the shunt, load, and transistor current - will increase linearly 
with time according to e L = L di/dt . When the average current through the shunt 
equals the reference signal current level, the error is decreased to zero and the mod- 
ulator turns the switching transistor off, which triggers the second cycle of operation. 

When the current source through the choke is inhibited by the transistor switch, the 
voltage across the choke immediately reverses due to the decreasing choke current, 
thus forward-biasing and turning on switching diode, D . At this point, the choke and 
capacitor start to release their stored energies, thus providing a current source 
through the diode to the cell -bank load for this half of the cycle. When the average 
load current falls below the reference current level, the transistor is switched on 
again via the pulsewidth-modulator/error amplifier, and the cycle repeats. 

The load currents are programmed by varying the reference current signal level to 
obtain high- and low-mode currents. 

The efficiency of this circuit is inherently high as compared with conventional series 
regulators because the power losses are minimized by saturating the switching tran- 
sistors and diode when they are turned on and not allowing the choke to become 
saturated. 

Current regulation components of this circuit are mounted on a circuit card which plugs 
in behind the control panel. High-current components are mounted on an air-cooled 
cold plate, which can be seen in Fig. 2-28. 

2. 2. 3. 3 Control and Monitoring Instrumentation 

The model system is instrumented with the sensors required to provide signal inputs 
for the control, safety, and power conditioning circuits described above. In addition, 
sensors and readouts are utilized to provide system performance data. The sensing 
and readout techniques used in the system are given in Table 2-2. Some of the instru- 
mentation is shown in Fig. 2-29. 
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Parameter 

Measurement Technique 

Signal Use 

Cabin total pressure 

Transducer 

Current mode control 


Transducer 

Strip-chart recorder 


Vacuum gage 

Transducer check 

Cabin oxygen partial pressure 

Polarographic analyzer 

Hydrazine feed control 


Polarographic analyzer 

Strip-chart recorder 

" 

Paramagnetic analyzer 

Polarographic sensor check 

Effluent oxygen partial pressure 

Polarographic analyzer 

Strip -chart recorder and 
PO 2 safety 

Hydrazine feed valve on-off 
status 

Electrical impulse 

Strip-chart recorder 

Electrolyte temperature 

Thermoswitch 

Coolant solenoid valve control 

Module temperature 

Thermoswitch 2 -position 

Overtesnperature warning and 
shutdown 

Coolant temperature 

Thermometer 

Data logging 

Cell bank current 

Shunt and digital voltmeter 

Data logging 

Cell bank voltage 

Digital voltmeter 

Data logging 

Individual cell voltages 

Digital voltmeter 

Data logging 

High/low current mode time 

High/low mode timers 

Data logging 

Metabolic/leak flow rate 

Rotameter and wet test meter 

Data logging 

Nitrogen makeup flow rate 

Rotameter 

Data logging 

Hydrazine flow rate 

Rotameter 

Data logging 

Electrolyte circulation rate 

Rotameter 

Data logging 

Coolant flow rate 

Rotameter 

Data logging 

Hydrogen production 

Wet test meter 

Data logging 

Electrolyte volume 

Microswitch - piston position 

Water feel control 


Microswitch - piston position 

High/low volume safety 

Cabin sampling loop pressure 

PresBore gage 

POg sensor calibration 

Module pressure 

Pressure gage 

Data logging 

Hydrazine tank pressure 

Pressure gage 

Safety check 

Bubble aparator gas evolution 
rate 

Water volume displacement 

Data logging 

Input electrolysis power 

Power supply voltmeter and 
ammeter 

Data logging 
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2.3 SYSTEM TESTING 

Testing of the one-man model Og/Ng B y stem was conducted under this program with 
the objectives of evaluating the performance of various system components, establish- 
ing the characteristics of the cabin atmosphere control that can be achieved with this 
technique, and providing experimental data for the updating and verification of a com- 
puter routine model of the system. 

2.3. 1 Operating Procedure 

The test plan that was established for meeting the objectives stated above involved a 
series of tests. Each test was conducted in a continuous operating mode with around- 
the-clock monitoring. The duration of each test was determined by the specific data 
requirements. Long -duration testing of the basic electrolysis system in previous 
programs (Hef. 3) has already established the capability of a system of this type to 
operate continuously for periods exceeding one year. 

Startup-Shutdown Procedures . The detailed procedure for starting up and shutting 
down the system is described in Appendix B. The general approach to startup was to 
establish control conditions as rapidly as possible so as to allow the major part of a 
week for operation under automatic control conditions. This required that the cabin 
simulator be evacuated by increasing the metabolic/leak flow and manually adjusting 
the N 0 makeup flow to maintain the cabin PO 0 near the control band. At the same 
time, the hydrazine feed rate had to be increased to enrich the hydrazine concentration 
in the electrolyte. 
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Data Logging . While only the hydrazine concentration in the electrolyte, cabin total 
pressure, and cabin oxygen partial pressure were required data for computer routine 
analysis, additional module and system status data were recorded on an hourly basis 
to allow a thorough analysis of the system operating characteristics. The test data 
logs are included in Appendix C. 


2-5<5 






k 

Test Monitoring . Around-the-clock monitoring was provided during system testing. 

The metabolic/leak and nitrogen makeup flow rates, which tended to drift, were adjusted | 

as necessary. The cabin and effluent POg sensors were calibrated every 8 hr in the 
first test, but little drift was observed. In subsequent tests, these sensors were cali- \ 

brated at the beginning and end of each test. { 


The water storage tank was filled with a known volume at the beginning of each test and 
the residual was measured at the end. Hydrazine consumption was measured by drain- 
ing and back-filling the hydrazine tank at the end of each cabin PO^ cycle. 

Gas and Electrolyte Sampling . Periodic sampling of the effluent gases was conducted 
to verify the PO^ sensor readings. The samples were analyzed using gas chromato- 
graphic techniques. 

Electrolyte samples were taken just prior to the closing of the hydrazine solenoid valve, 
to obtain the maximum hydrazine concentration, and just prior to the opening of the feed 
valve, to obtain the minimum hydrazine concentration. Chemical analysis of the elec- 
trolyte samples for hydrazine content utilized the direct iodate method with solvent 
(Ref. 6). 

2. 3. 2 System Test Summary 

A series of four tests was conducted on the one-man model O^/Ng system. The test 
sequence logic is shown in Fig. 2-30. 

The objectives of the first test were to check out the operation of the fully integrated 
0 o /N generation system as well as the cabin and metabolic/leakage simulator, and 
to establish the test procedure for subsequent tests. Highlights of this test Include: 

• Successful operation of the zero-gravity closed reservoir and bubble separator. 

• Verification of P fr ^ g1 control for a fixed metabolic and leak rate at a control 
band of 12.28 to 12.30 psia. 
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• An indication of cabin POg control at a control band of 2. 85 to 2. 95 psia. 

A fall POg cycle was not completed. 

• Nitrogen in the effluent oxygen measured over a range from 0 to 91 percent. 





Several system and procedure modifications indicated by this test were implemented 
before proceeding to the next test. These modifications are discussed in detail in 
Section 2.3.3. 

Test 2 was the initial baseline run of the system at the design conditions; that is, at a 
one-man metabolic load with a one-man proportion of a space cabin leakage. Summary 
results of this test showing the cabin total pressure anl oxygen partial pressure con- 
trol «re given in Fig. 2-31. 


The baseline was reran in Test 3 to provide data for verification of the computer model 
revision. The summary results of this test are shown in Fig. 2-32. 

In Test 4, both the high/low currents and the metabolic load were varied to provide a 
different set of data points. In the oik - man system, changes in metabolic load were 
made, approximately corresponding to reducing the crew size from 12 men to 3, 6, 
and then to 10 men. Summary results are shown in Fig. 2-33. 

2. 3.3 Test Be suits and Discussion 

2. 3. 3. 1 Test Logs and Performance Data 

Test 1 Resalts . An operational checkout test was conducted for a duration of 86 hr. 

The Time/Event Log for this test is presented in Table 2-3. 

Cabin POg and hydrazine concentration for the period from 46 to 81 hr elapsed time 
are shown in Fig. 2-34. The shaded area in this figure is the control signal band that 
was shifted at 54 hr to err "ct for the higher pressure in the sensor canister. POg 
control capability was demonstrated bv tjunaround of the cabin POg at approximately 
61 hr. A full cycle of the POg r ^ u,ved because of a problem with the water 

feed, which occurred at 81 1 \ 
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Fig. 2-31 Test 2 — Cabin Atmosphere Control 




Fig. 2-32 Test 3 - Cabin Atmosphere Control 











Table 2-3 

TEST 1 - TIME/EVENT LOG 


Elapsed Time 
(hr) 

Events/Actions 

Criteria 

8 

Leak in the plumhlng between the 
cell stack and the cabin *rimnlatnr 
detected and corrected 

High cabin pressure 
observed 

18 

Ng flowmeter replaced 

Range of flowmeter 
incorrect 

54 

Calibration of PO_ sensors changed 

a 

from 174 to 155 mm Efe 

Calibration not previously 
corrected for 2 psig in 
sensor canister 

78.8 

Automatic safety shutdown 

Water feed failed "on, " 
and high-volume shutdown 
actuated 

81 

System returned to manual mode 


86 

Test terminated 



At tMtt point the reservoir piston had moved, because of the hydrazine addition, to a 
point where both the r Vm t1 and "off” water feed control microswitches were actuated. 
An error in the control logic permitted the "on" command to override the "off" com- 
mand and resulted in continuous feed until the high reservoir volume signal shut down 
the system. 

The system was restarted and operated for another 5 hr in a manual mode. 

The following modifications to the system and test procedure were implemented as a 
result of this test: 

• The POg safety shutdown logic was modified to simply shut off the hydrazine 
feed solenoid valve, r&tlier than shotting down the entire system. That is. 
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when the PC> 2 in the unit effluent decreased below 150 mm, the hydrazine feed 
would be stopped. This change resulted from observing a much faster hydra- 
zine decay rate in the electrolyte than had been anticipated. 

• A wet test meter was installed downstream of the metabolic/leak flowmeter 
to provide a more accurate measure of the gas removed from the cabin. 

• The water feed control logic was corrected to assure positive shutoif in the 
event both "on" and "off" switches were actuated. 

• The startup procedure was changed to include an initial hydrazine feed higher 
than the set point as a test expediency to shorten the test time required to 
achieve PO^ control. 

Test 2 Results . An initial baseline run was conducted with the objective of determining 
the P T and P0 2 control characteristics at design conditions . The metabolic/leak 
and nitrogen makeup flow rates were set at the design point of a one-man metabolic 
load (1. 84 lb/day) and a cabin leakage of one-twelfth of the spacecraft leakage rate of 
13 lb/day at 10 psia. The P Tr>f , a j control signal band was set for 12. 23 to 12.25 psia, 

and thj cabin PO control signal band was set for 2.8 to 2.9 psia. The high/low cur- 

^ 2 
rent modes were set approximately at 150/50 mA/cm . 

A performance plot and the Time/Event Log for the 70 hr of this test are shown in 
Fig. 2-35 and Table 2-4, respectively. 

P Total * 8 no * s k° wn 011 the figure; it remained within the control band for the entire 
test. 

It can be seen in these performance data that the P0 2 control and hydrazine concen- 
tration in the electrolyte were erratic; although not out of control. 

During the first POg cycle, several upward adjustments of the hydrazine feed rate 
were made because the POg overshoot of the control band appeared excessive and the 
cycle time appeared to be too long. At 39 hr, the hydrazine tank ran empty, before 
the end of the feed cycle, and was recharged. The amount of hydrazine in the original 
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Table 2-4 

TEST 2 - TIME/EVENT LOG 


Elapsed Time 
(hr) 

Events /Action 

Criteria 

2.7 

Metabolic /leak and N 2 makeup set to cor- 
rect settings for automatic control runj 
N 2 H 4 at 6.0 flowmeter reading 

N 9 H 4 feed cycled off 
automatically 

10.5 

Adjusted N 2 H 4 to 7.0 flowmeter reading 

Cabin PO 2 appeared to 
be overshooting, indi- 
cating N 2 H 4 feed rate 
too low 

29 

Adjusted N 2 H 4 to 7. 5 flowmeter reading 

N 2 H 4 feed cycled on and 
flow rate appeared low 

36 to 36.2 

N 2 makeup supply cylinder replaced 

No -flow indication on 
flow control panel 

39 to 40 

Recharged N 2 H 4 tank; flow set high to 
restore hydrazine concentration in 
electrolyte 

Tank ran empty 

42 

Adjusted N 2 H 4 to 5.8 flowmeter reading 

Cabin PO 2 appeared to 
be decreasing too 
rapidly 

51 

Decreased coolant supply temperature 
to 35°F 

Coolant to heat ex- 
changer not cycling 

53.5 

Adjusted N 2 H 4 to 5.8 flowmeter reading 


56 

Adjusted N 2 H 4 to 7.7 flowmeter reading 

Cabin PO 2 leveled off 

57.5 to 58.0 

Repeated adjustment of N 2 H 4 downward 
to 6 . 5 from 7 . 6 


59 

Adjusted to 6.0 flowmeter reading 


61 

Adjusted NntL* 10 6 . « flowmeter reading 


62 

Adjusted 7.0 flowmeter reading 


66 to 66.5 

Adjusted N 2 H * to 8 . 9 flowmeter reading, 
then to 6 . 5 








charge had been predetermined based on the nitrogen load and was not expected to run 
out for another 12 hr. This incident shed doubt on the accuracy of the hydrazine flow- 
meter and led the test conductors to frequently adjust the hydrazine flow control valve 
setting during the remainder of the test in an effort to find the correct setting. 

At the conclusion of the test it was still not clear why, during the first 40 hr of the 
test, a higher indicated flow rate was required than during the remainder of the test. 
Analysis of the hydrazine concentration in the solutions used to charge the tank revealed 
a discrepancy. In the first charge, bottleb of hydrazine fresh from the manufacturer 
and labeled 95 percent were diluted with water by an amount which would make the de- 
sired solution 64 percent. Several bottles of this "95 percent" solution were analyzed 
and found to contain 64 percent solution. Because of the mislabeling, the actual solu- 
tion had been diluted for charging the tank to approximately 40 percent. Further check- 
ing showed that the second charge of the tank was made with 64 percent solution. 

Two problems with the hydrazine flow control were identified during the test, only one 
of which had an easy solution. First, the micrometer valve was too coarse and was 
replaced with a finer needle valve after the test was completed. Second, the valve body 
was made of 316 stainless steel, which was not completely compatible with hydrazine. 

A very slight decomposition of hydrazine inside the valve caused small gas bubbles to 
form in the flow steam. These small bubbles collected on the ball floats in the rotam- 
eter and gave rise U erroneous flow rate readings. The procedure for the next test 
was modified to include draining and recharging the hydrazine tank at the end of each 
feed cycle. By measuring the volume of the charge and the residual for each cycle, 
the consumption of hydrazine and the average feed rate for each cycle could then be 
determined. 

Test 3 Results . The baseline operating conditions used in Test 2 were utilized in this 
test with the objective of obtaining a sufficient number of repeatable PC> 2 cycles to 
provide data for verifying the computer model revision. The only condition that was 
modified was the PC> 2 control signal band. It was changed from 2. 8 - 2. 9 psia to 
2.85 — 3. 00 psia as a result of recalibration of the sensors and the control electronics. 
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The performance data for Test 3 are shown in Fig. 2-36 and the Time/Events Log in 
Table 2-5. 



During the first P0 2 cycle, several operator adjustments of the hydrazine flow con- 
trol valve were made in seeking the proper flow setting. After the first cycle, no 
further adjustments of the flow setting were made for the duration of the test. 

The only problems that occurred during the test were two occasions when the hydrazine 
solenoid valve did not open on command. The first time this happened (at 6 hr elapsed 
time), the test conductor observed it immediately and was able to manually pu' e the 
valve open. On the second occasion, however, the command and failure to op. . oc- 
curred at 41 hr and was not noticed until 42. ? hr. This resulted in the higher P0 2 
overshoot shown in Fig. 2-36 for the fourth cycle. With this exception, adequate P0 2 
control was demonstrated and reasonably repeatable cycles were obtained. 

For the next test, the procedure for measuring hydrazine consumption was changed 
from a volume measurement to a weight measurement. This was done to increase 
the accuracy of the measurement and to reduce the handling required. 

Test 4 Results . This test was run for a period of 86 hr with the objective of providing 
performance data at conditions different from the baseline. The performance data and 
Time/Event Log for this test are shown in Fig. 2-37 and Table 2-6, respectively. 

During the first 29 hr of the test the baseline conditions were used, the only difference 

2 

being that the low current was set at approximately 75 mA/cm rather than the base- 

2 

line value of 50 mA/cm . 

At 29 hr, the metabolic/leak and nitrogen makeup flow rates were changed correspond- 
ing to a change in a 12-man cabin from a 12-man to a 3-man metabolic load with no 
change in the cabin leakage. 

After 45 minutes of operation under these conditions it was observed that cabin pres- 
sure, P T was steadily increasing with the current in the low mode. This indicated 
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Table 2-5 

TEST 3 - TIME/EVENT LOG 


vV'.--:; 


Elapsed Time 
(hr) 

Events/Action 

Critei ia 

1.1 

Recharged N 2 H^ tank; consumption on first 
cycle = 425 cc 

Procedure 

4.75 

Adjusted metabolic/leak flowrate to 2,190 
cc/min 

Metabolic leak wet test 
meter reading low, 
at 2, 110 cc/min 

6 

NoH 4 solenoid stuck closed; manually 
pulsed to open 

N 2 H 4 feed signal on; 
no flow observed 

8.5 

Decreased N 2 H 4 flowmeter reading 
from 8.8 to 7. 7 

Noted electrolyte pres- 
sure increasing at ap- 
proximately 1 in. 
H 2 0/hr 

10 

Increased N 2 H 4 flowmeter reading to 8. 8 

Noted electrolyte pres- 
sure dropping rapidly 
and effluent PO 2 
climbing 

11.5 

Decreased N 2 H^ flowmeter reading to 8.0 

Effluent PO 2 safety 
signal 

15.2 

Decreased N 2 H 4 flowmeter reading to 7 . 9 

Effluent PO 2 safety 
signal 

15.5 

Recharged N 2 H 4 tank; consumption on 
second cycle - 580 cc 

Procedure 

26 

Recharged N 2 H 4 tank; consumption on 
third cycle = 510 cc 

Procedure 

37.3 

Recharged N 2 H 4 tank; consumption on 
fourth cycle = 410 cc 

Procedure 

42.7 

N 2 H 4 solenoid stuck closed; manually 
pulsed to open 

Noted feed signal on; 
no flow indicated 

50.5 

Recharged N 2 H 4 tank; consumption on 
fifth cycle = 425 cc 

Procedure 

60.3 

Recharged N 2 H 4 tank; consumption on 
sixth cycle = 370 cc 

Procedure 

End of test 

Measured N 2 H 4 consumption on seventh 
cycle = 585 cc 

Procedure 


Measured H 2 O consumption for duration 
of test = 2,330 cc 

Procedure 
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Table 2-6 

TEST 4 - TIME/EVENT LOG 


Elapsed Time 
(hr) 

Events/Actions 

•a 

11 

Recharged N 2 H 4 tank; consumption on 
first cycle = 575 gm 

Procedure for rr. asuring N 2 K 4 
average feed rote 

15.5 

Adjusted N 2 H 4 feed rate to 3. 93 valve 
setting 


18. 5 

Recharged N 2 H 4 tank; consumption on 
second cycle = 351 gm 

Procedure 

28.5 

Adjusted high current down to 13. 5 A 

Current reading too high 

29 

Changed meta/leak and N 2 makeup from 
12 -man to 3-man metabolic rate 

Test condition change 

29.5 

Recharged N 2 H 4 tank; consumption on 
third cycle = 441 gm 

Procedure 

29.75 

Changed meta/leak and N 2 makeup to 
4-man rate 

Test condition changed) 

45.2 

Changed to 5-man rate 

Test condition change^ 

47.5 

Changed to 6 -man rate 

Test condition change^ 

49 

* 

Recharged N 2 H 4 tank; consumption on 
fourth cycle = 1,299 gm 

Procedure 

49.5 

Changed to 10-man rate 

Test condition change 

55.7 

Changed to 12-man rate 

Test condition change 

57.5 

Recharged N 2 H 4 tank; consumption on 
fifth cycle = 422 gm 

Procedure 

63.5 

Adjusted high current to 13. 5 A 

Current too high 

64.7 

Changed currents: low mode 7.6 A; 
high mode 12.8 A 

Test condition change 

66 

Recharged N 2 H 4 tank; consumption on 
sixth cycle = 320 gm 

Procedure 

72 

Recharged N 2 H 4 tank; consumption on 
seventh cycle = 289 gm 

Procedure 

76 to 77 

Shut off H 2 O and N 2 H 4 feed and inserted 
toggle valve in H 2 O feedUne. Return 
both to auto feed mode 

Indication by increasing system 
pressure that H 2 O solenoid 
leaking 

85.2 

Recharged N 2 H 4 tank; consumption on 
last cycle = 513 gm 

Procedure 

End of test 

Measured H 2 O consumption for duraticm 
of test = 1,870 cc 

Procedure 

. 


(a) System pressure rising 









that the net flow of gas out of the cabin was less than the net gas flow in from the 
electrolysis module, and therefore, that P^, control could not be achieved under 
these conditions. Since an error of only 1 percent in the setting of the metabolic/leak 
flow’ rate could cause this problem, it was decided not to continue operation so close 
to this lower limit of P^, control. 

At 29. 75 hr, the metabolic/ leak and nitrogen makeup were changed corresponding ap- 
proximately to a four- man metabolic rate. This change restored P^, control and current- 
mode cycling was observed, although most of the time was being spent in lov. mode. 

From 33 to 48 hr, a steady increase in electrolyte pressure was observed. During 
this period, electrolyte was manually removed from the system in 10-cc amounts 
approximately every half-hour to prevent the reservoir from reaching the high-volume 
shutdown position. Cause of the volume increase was first attributed to the increase 
in hydrazine concentration and decrease in water consumption resulting from the re- 
duced metabolic load. Step-changes in the metabolic load were continued, going to a 
five-man rate at 45. 2 hr, a six- man rate at 47. 5 hr, a 10-man rate at 50 hr, and back 
to the baseline 12-man rate at 55. 7 hr. 

After the six -man rate was reached, the problem of increasing electrolyte volume ap- 
peared to have been solved. 

At 64. 7 hr, the high/low currents were changed as shown in Fig. 2-37. 

A slow leak through the water feed solenoid valve was detected at 76 hr. A toggle 
valve was inserted and was operated manually for the remainder of the test. When 
the solenoid valve was disassembled at the end of the test, it was found that a piece 
of Teflon plumber’s tape used to wrap the pipe threads on the fittings connecting to 
the valve had settled across the valve seat. This prevented complete closure of the 
valve and explains the increasing electrolyte volume that was observed during the run 
at the four- and five-man metabolic rates. 
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2.3.3. 2 Data Analyses 


Control Characteristics . The equation describing the variation of cabin total pressure 
with time can be expressed as (Ref. 7) 


dP T x d Mj, 
dt = XT dt 


(2.3) 


where 


XT 


V c (MW) t 

RT 


dt 




In these equations, m T represents the net mass outflow rate from the cabin, i.e. , 

-‘■out 

metabolic consumption plus cabin leakage. The total gas, oxygen plus nitrogen, sup- 
plied to the cabin by the 0„/N_ generator is represented by m^. and is related to 

tt z in 

the number of cells, n , and the applied current, Y , by 


m T = yn Y 
in 


(2.4) 


where y is a constant. 

Because the gas input rate is directly proportional to the current, two-position, high/ 

dPrp 

low current control of P-, will have a cyclic characteristic and will be linear. 

t dt 

% 

An expression for the cabin oxygen partial pressure variation with time, similar to 
that for P,p , can be written as 


dP0 2 , dM0 2 
dt = X0 2 dt 


(2.5) 
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It is readily apparent that the control of cabin P0 9 achieved by controlling the hydra- 
zine feed rate, X, is not independent of the current which is used to control P^, . 

To illustrate the characteristics of the control of P^ and P0 2 and their interaction, 
a portion of the analog data from Test 3 was plotted on an expanded time scale and is 
shown in Fig. 2-38. First, it can be seen that the P T control is cyclic, with a 
linear rate of change as predicted by the mathematical description. 

Two characteristics of the P0 2 control are evident in this figure. The effect of the 
exponential time function in the mathematical expression for rate of change of PO 
is apparent. Furthermore, it can be seen that the P^ cycles are superimposed on 
the PC> 2 curve. 

The effluent PC> 2 curve on the far left of this figure, which is the oxygen partial 
pressure in the mixture being generated in the cell stack, shows the effects 

of both the high/low current and the hydrazine feed. The rapid cycling of the effluent 
P0 2 is the result of the high/low current cycling. The broad cycle of the envelope is 
the result of the hydrazine concentration in the electrolyte increasing when the hydra- 
zine feed is on, and decaying when the feed is off. 

Hydrazine Reaction Efficiency . Data from Test 3 were used to determine the hydra- 
zine reaction efficiency, which is defined as the mol percent of the hydrazine reacting 
at the anode. The following is a summary of the methods of determination and the 
results: 

a. Nitrogen in the anodic effluent (determined by effluent PO_ sensor) was 
compared to the hydrazine feed (determined by measuring volume of N 2 H^ 
consumed per cycle of the cabin PC> 2 ). This method yielded a hydrazine 
reaction efficiency of 63 percent. 

b. Nitrogen in the anodic effluent (above method) was compared to nitrogen in 
the cathodic effluent (determined by gas chromatographic analysis). This 
method yielded a hydrazine reaction efficiency of 59 percent. 
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c. Nitrogen in the cathodic effluent (determined by the increased cathodic flow- 
rate) was compared to the hydrazine feed determined in a. This method 
yielded a value of 62 percent. 

Method b. involved point measurements whereas methods a. and c. utilized values 
averaged over a several-hour period. Details of the computations, data, and data 
references are given in Tables 2-7, 2-8, and 2-9. The results shown in these tables 
were averaged to obtain the efficiences given above. 

It should be noted that the inefficiency of the hydrazine reaction, which amounts to that 
hydrazine reacting undesirably at the cathode, is a function of the catalytic activity of 
the cathode. Single-cell tests have demonstrated that by sufficiently reducing the cata- 
lytic activity of the cathode, cathodic hydrazine reaction can be essentially eliminated. 
However, an increase in electrode polarization also occurs. Data from these tests 
are shown in Tables 2-10 and 2-11. In Table 2-10, the data were taken at a current 
density of 50 mA/cm , and in Table 2-11 at 75 mA/cm . Two separate cells were 
run, one containing the standard commercial (black platinum/Teflon) cathode and the 
second in which bare expanded nickel screen was used as the cathode with no platinum 
catalyst. From these limited data, it is apparent that the low catalytic activity cathode 
does not induce hydrazine decomposition. Note the lower cathodic flow rate for the 
low-activity cathode and the absence of N^ in the chromatographically analyzed 
cathodic gas samples. 


Reaction Rate Constant . The hydrazine reaction rate constant is defined as 


1 dC 
m= C I 


and is truly a constant for a fixed cell geometry, temperature, and current. The 
effect of current at constant temperature on the value of m was determined using 
Test 3 data and is shown graphically in Fig. 2-39, Reducing the cathode catalytic 
activity to improve the hydrazine reaction efficiency would affect the value of the re- 
action rate constant. 
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Table 2-8 


HYDRAZINE CONVERSION EFFICIENCY - METHOD 2 


Elapsed 

Time 

(hr) 

I 

(A) 

Percent 

n 2 

(H 2 ) 

N 2 in H2 
(mol/hr) 

Eff P0 2 
(mm) 

N 2 in O2 
(%) 

N 2 in 0 2 
(mol/hr) 

Efficiency 

<%> 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

-0.2 

12.9 

6.8 

0.359 

510 

22. 1 

■ail* 


1.27 

4.3 

13. 3 

0.310 

160 

75.8 

WMm 


1. 38 


7.3 

0.399 

480 

26. 7 

0. 572 

58.9 

7. 0 

13. 1 

4.3 

0.210 

570 

13. 0 

0.279 

57.0 

16. 13 


7.9 

0.449 

500 

23.6 

0.512 

53.3 

30.25 

13.2 


0.148 

600 

8.4 

0. 181 

55.1 

37.33 



0.514 

450 

31.2 

0.683 

57.1 

59.73 

13.4 


0.415 

430 

' 34.3 

0. 751 

64.5 

60. 0 

4.5 

14.4 

0,372 

130 

80.2 

0.590 

61.3 

65. 7 

13.4 

5.4 

U. 282 

530 

19. 0 

0.416 

59.6 

65.95 

4.4 

12.9 

0.302 

290 

55. 7 

0.400 

57.1 


(a) Current — Average cell current for the two cell stacks. 


(b) Percentage of Ng in cathodic effluent - gas chromatographic analysis. 

(c) Nitrogen generation rate at cathode - determined by the following computation: 

(H2) = 2 x 17 x 0. 0096 x Col. a 

0 

^TC = ^ 2 ^e x ^1 x *2 ’ 

H2 generated electrochemically (mol/hr) 
total gas generated at cathode (mol/hr) 
mol/hr N2 from N2H4 
mol/hr H2 from N2H4 = 2Xi 
Col. b x mrpc = Col. b x H 2 x Col. c + 3X-^ 

[Col. b x (K2) ] + [1 - (3 x Col. b)] 

(d) Effluent PO2 - Instantaneous value of effluent PO2 at the time the gas chromatograph 
sample was taken (see Fig. 2-28). 

(e) Percentage of N2 in anodic effluent - Determined by computing %N 2 = (P-p - Col. d)/ 
?T - 

(f) Nitrogen generation rate at anode - Determined by computing m^ 9 = 17(0. 0096) x 

Col. a x Col. e . z 

(g) Hydrazine conversion efficiency - Determined by computing 77 = Col. f/(Col. c + 

Col. f x 100) 


where (H2) = 

G 

m TC = 
Xl = 
X 2 = 


Xl 
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Table 2-9 


HYDRAZINE CONVERSION EFFICIENCY - METHOD 3 


Cycle 

Cathodic Gas 
Flow 
(cc) 

Cathodic Gas 
Flow 
(mol ) 

< H 2 > 

e 

(mois) 

Efficiency 

{%) 

(a) 

(b) 

(c) 

(d) 

1 

1,130 

46.5 


82.5 

2 

1,320 

54.3 


50, 0 

3 

1, 100 

45.2 

41.7 

83.4 

4 

1, 120 

46. 1 

33.7 

49. 0 

5 

1,090 

44.8 

34.4 

53.2 

6 

1,040 



42.7 

34.9 

77. 8 


(a> Cathodic gas flow (cc) - Total cathodic gas per cycle measured with wr: test 
meter (See Appendix C) 


(b) Cathodic gas flow (mol) - Total cathodic gas per cycle converted from cubic 
centimeters to mols. 

(c) Electrochemically generated H2 — Determined from data in Table 2-8 by com- 
puting 



= 2 (0.0096) 


+ V t l 

h i 


(d) Hydrazine conversion efficiency — Determined by computing 



X, = m T - (H 2 ) 

C 6 

NgH^ feed (mol) - Xj 
NgH^ feed ( mol ) 


V 


x 100 
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Computer Model Constants . The experimentally determined constants required for 
the computer model updating, which is described in Section 2.4, were obtained by 
averaging several data points from Test 3. The analysis is described below. 

The volumetric anodic gas generation rate, oxygen plus nitrogen, can be expressed 
as 



kn Y 


k 


n 


A 


where 

• 

U T = total gas production, cc/min 

k = 0. 35 (constant) 

n =17 (number of cells) 

2 

Y = current density, mA/cm 

I = current amps 

2 

A =90 (electrode area, cm ) 
Therefore: 


• _ ( 0. 35 ) ( 17 ) ( 10 3 ) 

U T 90 1 


66.1 I 


That portion of that is nitrogen can be expressed in terms of the polaragrap hie ally 
measured effluent PO^ and the total pressure of the effluent gas as 



(2.7) 
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At the point in the system where effluent P0 2 is measured, the effluent gas pressure 
is the same as the cabin total pressure. 


The empirical formula for U >T is of the form 

N 2 


U. . =anC + bnCY 
N 2 


( 2 . 8 ) 


or 


U M = anC + bnCr 


(2.9) 


Inserting known values, this becomes 


U XT = 17 a C + 189 b C I 
N 2 


( 2 . 10 ) 


Combining the two equations for 



results in the expresssion 


66.1 1 



17 a C + 189 b C I 


( 2 . 11 ) 


Because the hydrazine concentration does not change rapidly with time while the cur- 
rent is cycling every few minutes, as was shown in Fig. 2-38, it is possible to make 
a hydrazine concentration determination and record a set of both high and low currents 
and high and low PO effluents essentially at that concentration. The values of the 
constants a and b can then be determined by solving a simple set of two simultaneous 
equations in two unknowns. 
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Several data points were taken during Test 3 in the manner described above. The ex- 
perimental data and the resulting values of the constants are shown in Table 2-12. 

The averages of these values are: 

a =4.77 
b = 0.0134 


Table 2-12 

EXPERIMENTAL CONSTANTS DETERMINATION 


Elapsed Time 
(hr) 

c (a) 

Current, I (A) 

Partial 

Pressure, PO 

Constants 

High 

Low 

High 

Low 

a 

b 

0 

2.00 

12.9 

4.30 

490 

240 

4.67 

0. 0129 

6.28 

0. 78 

13.1 

4. 25 

590 

500 

4.23 

0.0153 

15.9 

2. 15 

13.3 

4.45 

470 

210 

4.88 

0.0128 

18.2 

0.99 

13.0 

4.5 

570 

440 

5.36 

0.0089 

37.5 

2. 17 

13.4 

4.55 

440 

160 

5.26 

0.0177 

40.9 

0.76 

13.25 

4.35 

590 

490 

4.87 

:.0118 

60.0 

2.75 

13.2 

4.5 

420 

130 

4.30 

0.0163 

64.14 

0.83 

13.35 

4.35 

590 

490 

4.59 

0.0114 


(a) Concentration of hydrazine. 


2. 3. 3. 3 System Analysis 

Q»/N » Generator System . In general, the performance of this system was satisfactory, 
as evidenced by the performance data presented previously in this section. However, 
some problem areas were identified as a result of system testing. 

The current regulators that were used to condition 28 Vdc power and provide constant 
current to the electrolysis cell stack showed a tendency to drift, especially in the high 
current mode. These are prototype devices that were designed under Contract 
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NAS1-9728. Their performance could be improved by Incorporating temperature com- 
pensation and additional filtering. 

The performance of the prototype bubble separator used in the system was not satis- 
factory. By the end of Test 2, the pressure drop across the hydrophilic membrane 
had increased to the point where the electrolyte flow rate was becoming marginal. The 
unit was then rebuilt with new membranes before proceeding with the system testing. 
Although clogging of the membrane with particulate matter may be a partial explana- 
tion of the problem, it was also observed, with fresh membranes installed, that the 
initial pressure drop across the membrane was sufficient to cause nucleation of gas 
bubbles on the downstream side. While this may only be a materials problem, con- 
current effort in a separate program is being directed to a new bubble separator design 
concept. 

Controls . The cabin PO^ control technique that was tested during this program em- 
ploys a fixed hydrazine input rate during the portion of the control cycle where nitrogen 
addition to the cabin is called for. When the cabin POg reaches a minimum set point, 
the hydrazine feed is shut off. 

The hydrazine feed rate is set so that the PO n in the effluent N„/O n mixture from 

l* A 

the electrolysis module will not be driven below a set minimum. Because of this limi- 
tation on hydrazine input rate, the cabin PO^ overshoots the control band during the 
long period of vuae (usually several hours) required to increase the hydrazine concen- 
tration in the electrolyte sufficiently to effect PC> 2 turnaround. Furthermore, it was 
found to be difficult to accurately set and maintain the very low flow rate (less than 
1 cc/min) required. Because of the modular design concept of the full-scale system, 
this limitation would remain in the larger system. 

Under steady-state conditions, the control of cabin POg achieved in the model system 
witi nis technique was acceptable: A typical cycle of cabin POg at a set control band 
of 2. 85 to 2. 95 psia in Test 3 took approximately 8 hr with an overshoot to approxi- 
mately 3. 1 psia. However, this control is sluggish and may be a limiting factor in the 
ability of the system to respond to sudden changes in demand. 


J9 


A modification in the control technique in which the hydrazine feed rate is increased 
to allow a fast ramp of the nitrogen output with two additional set points that cycle the 
hydrazine feed off at minimum effluent PO^ levels corresponding to the high and low 
current modes would affect a faster turnaround of cabin PO^ and substantially reduce 
the overshoot. The system also would then be less sensitive to the hydrazine feed 
rate, ami extreme accuracy of the flow rate setting would not be necessary. 

The results of attempting to operate the system with the total gas demand very close 
to the minimum total gas generation rate in Test 4 were described previously. In this 
case, it was attempted to operate with a three-man metabolic load and the baseline 
cabin leakage. Under these conditions, the cell stack was generating gas, in the low 
current mode, at 459 cc/min and the metabolic/leak and nitrogen makeup were sup- 
posed to be set at 801 and 333 cc/min, respectively. This meant that the net tas out 
was supposed to be 468 cc/min, or only 9 cc/min more than the generated gas rate. 

From these numbers, it can be seen that only a 1-percent error in metabolic /leak 
flow setting could cause loss of control; and further, that a combined error in metabolic/ 
leak, nitrogen makeup, and cell current of 2 percent would have the same effect. In 
future tests it would be advisable to incorporate micrometer flow controls and very 
accurately calibrated flow indicators for high- or low-limit operation. 
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2.4 COMPUTER ANALYSES 

Experimental data from the one-man model system testing were used to revise and up- 
date the computer routine model of the system developed previously under NASA Con- 
tract NAS1-7706. In order to verify the computer routine, the program was run using 
average simulated test conditions, and the results were then compared with the actual 
test performance. Parametric modeling was performed of the hydrazine feed rate, the 
gas consumption, metabolic demand, and high/low current modes. These efforts are 
described in this section. 

It is noted that the original computer routine and its revision and updating have been 
documented separately in a Utilization Manual. Therefore the complete program listing 
and case inputs are not included in this report. 

2.4.1 Model Revision 

The empirical functions which appear in the computer routine model, their original 
values, their revised values, and the equation in which they appear are shown in 
Table 2-13. 

The values of a and 0 were obtained by applying a density conversion to the experi- 
mentally determined values of a and b given previously in Section 2. S. 3. 

The value of y was obtained by applying a density conversion to the value of K. The 
value of K was revised to account for the water vapor in the gas and approximately a 
1-percent shunt current. 

The values of m were taken from the experimentally determined relationship of m to 
current density shown in Fig. 2-39. 

Hydrazine Feed Rate. The effect of hydrazine feed rate on PO n control is shown in 

L -4 

Figs. 2-40 and 2-41. The hydrazine feed rate in the first case is 8.35 x 10 mols/ 

_3 

min/cell and 1. 16 x 10 mols/min/cell in the second case. These figures illustrate 


i 


V 
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Table 2-13 


COMPUTER MODEL REVISIONS 


Function 


Relation 


Initial Value 


Revised Value 


a 

Q! = pa 

4.25 x 

IQ' 3 

5.33 x 

lO' 3 

fi 

0 = Pb 

2.43 x 

lO" 5 

1.55 x 

lO" 5 

y 

Y = Pk 

4.35 x 

10" 4 

4.13 x 

10" 4 

m i 

m l = f (Y 1 ) 

3.28 x 

10" 4 @ 150 

4.32 x 

10" 4 

“2 

“2 = f <V 

2.52 x 

lO' 4 @ 50 

3.52 x 

10" 4 


@ 150 
@ 50 


Equations : 
C 


y Y ^ 


max (1) 


a + 
YY 9 


max (2) a + £Y 2 

A0 2 PO^ + £(yn • Y) - (an* C ) - (/3n • C • Y) - jJ 


At 


PO„ = 


XO f 


P T 


P T XT + |(yn • Y) - j m_ ) At 

T i I \ out/J 

Xt 


C = m + ( C o " |)«P(-nmt/v) 


the critical effect of hydrazine flow rate on the POg control. In Fig. 2-40, the hydra- 
zine concentration reaches an equilibrium value of 1.82 M, and insufficient nitrogen is 
being generated to effect turnaround of PC> 2 . At the higher hydrazine feed rate, in 
Fig. 2-41, the hydrazine concentration reaches 2.53 M, where sufficient nitrogen is 
being produced to cause the P0 2 to cycle. The rate constants had not been revised at 
the time of these computer runs and therefore the cycle time shown in Fig. 2-41 is not 
representative. 
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Test 3 Conditions . Several runs were made simulating the conditions of Test 3. Be- 
cause many of the system parameters varied with time, average values of the param- 
eters were used in the computer runs. The averaging process introduces small errors 
in that it assumes a linear relationship between current and rate constant. The best 
match that was achieved in three runs is shown in Fig. 2-42. The envelope and charac- 
teristic of the P0 2 control are in good agreement with the Test 3 data (cycles 1, 2, 3, 5, 
and 6 of Test 3 are plotted). 

In order to achieve agreement on mass balance, the computer caac. input for i^T ou t 
had to be decreased by approximately 10 percent. This is indicative of a combination 
of inaccuracies in metabolic/leak and nitrogen makeup instrumentation. This problem 
area was discussed previously in Section 2.3 under system analysis. 

2.4.2 Chaining 

The versatility of the computer routine was increased by adding a chaining capability. 
This makes it possible in a single run to handle a sequence of step changes in case in- 
puts. In effect, step changes in inputs during the run recycle the time base to make 
the conditions of P,p, PO^, and C at time = t become the initial conditions for the 
next time interval. 

A computer run was made simulating the step changes of a portion of Test 4. The re- 
sults are shown in Fig. 2-43. As with the simulation of Test 3, the envelope and char- 
acteristics of POg control are in good agreement, and the differences in cycle rate are 
attributed to errors introduced by the averaging process. The computer case input 
values for this run are given in Table 2-14. The case inputs are described in Ref i. 
The points in the run where the step changes were made are indicated in Fig. 2-43. 


PRECEDING 
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2. 4. 3 Space Station Orbital Simulation 


- •'..y' 7 ' S»' " ' 


As part of the preliminary design of a 12-man 0«y/^2 system for space station use, the 
computer routine was used to predict the control characteristics. A 94-min orbit with 
58 min of daylight and 36 min of darkness was used. The high/low current mode on the 
sunlight side was set at nominal ±10 percent and on the dark side at 50 percent of nomi- 
al. Fifty-three orbits are shown in Fig. 2-44. The long time constant shown for the 
POg control cycle indicates a need for the development of a more responsive P0 2 con- 
trol technique. 

Table 2-14 

COMPUTER RUN 2-45 - CASE INPUTS 


Run No. 


2 -45 a 
2-45b 
2-45 c 
2-45d 


0 


0 

1,020 

1,110 

2,040 


Max 


1,020 

1,110 

2,040 

2,325 


Run No. 


2-45a 
2-45b 
2 -45 c 
2-45 d 


P °2 I 

P. ♦ 1 
tot 

DM0 2 Out 

DM. . Out 
tot 

2.82 

12.26 

0.55 

0. 75 

- 

— 

0.31 

0.51 

— 

— 

0.27 

0.53 

— 

— 

0.37 

0.68 

H 

Y 2 

“i 


152 

76 

4.35 x 10” 4 

3.66 x 10" 4 

153 

72 

4. 36 x 10" 4 

3.61 x 10" 4 

150 

77 

4. 32 x 10~ 4 

3.66 x 10" 4 

153 

74 

4. 36 x 10~ 4 

3.64 x 10" 4 


0 


1.48 



1.4 x 10 


1.37 x 10 


1.37 x 10 


1.15 x 10 
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2.5 PRELIMINARY SYSTEM DESIGN 


The preliminary design of a full-scale, 12-man oxygen/nitrogen generation system was 
conducted under this program utilizing the experimental data described in this report 
as a basis. 

The preliminary design package included performance specifications, preliminary design 
layout drawings, interfaces and packaging, and supporting system analyses. A summary 
description of the preliminary system design and performance specification is presented 
in the following paragraphs. 

2.5.1 PD System Description 

In developing the design approach for the hydrazine water electrolysis system, the first 
consideration was an appropriate maintenance concept. Maintenance analysis revealed 
that the best approach was to avoid breaking into the electrolyte circuit to perform any 
maintenance tasks. This approach eliminates the necessity for handling the electrolyte 
in zero gravity and can be implemented with no significant weight penalty. The main- 
tenance concept that was evolved consists of providing individual, self-contained hydrau- 
lic assemblies with no electrolyte connections; the electrolyte flow circuit is completely 
internally manifolded. These assemblies, or modules, are completely sealed to eliminate 
electrolyte leakage. 

A reliability analysis was conducted to determine the optimum size and number of these 
individual modules. Various sizes and, hence, various numbers of modules were con- 
sidered, ranging from one to nine active modules required for the 12-man capacity. 

Each module was first optimized in terms of redundant compon nts to a point where no 
significant increase in reliability could be achieved by adding additional redundancy. 

The total number of modules, active plus spares, required to achieve a reliability 
goal of 0. 9980 was then determined. These various systems were examined to deter- 
mine which system required the least total weight. 
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The analysis showed that a system employing nine active modules and five spare modules 
has the lowest weight. The approach to packaging these modules in a swing-out cabinet 
was to install 12 modules — nine active plus three installed spares — as shown in the 
Frontispiece of fills report. The modules are mounted on rails to allow for easy 
installation and removal. Disconnects are provided in the rear of each module for *he 
oxygen/nitrogen and hydrogen effluent gases, supply water and hydrazine, and the 
nitrogen required for pressurization. With this design, no electrolyte fittings need to 
be disconnected to replace a module. The cooling required for each module is provided 
by a conduction cold plate that interfaces between the module and the cabinet. 

The swing-out cabinet also contains individual replaceable electronic assemblies for 
each module, water conditioning equipment, and a central status panel so that data 
supplied to the onboard computer system can be manually monitored. 

The complete system to support 12 men for 180 days at the nominal metabolic and leak- 
age rate with a reliability of 0. 9980 requires a maximum of 7, 830 watts of power and 
has a total fixed weight of 862 lb, including spares. The weight of an individual replace- 
able module is 46. 6 lb. 

2.5.2 Summary System Specification 

A summary of important performance parameters is presented in Table 2-15. The data 
presented include input power, waste-heat rejection rates, and inlet and outlet flow 
rates and pressures. Flow rates so noted represent the day-night average. Included 
are data for the nominal and the maximum cabin leak rates. 
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Table 2-15 

SUMMARY SYSTEM PERFORMANCE SPECIFICATION 


Aspect 

Nominal 

Maximum 

Oxygen generation rate (lb/ day) v ' 

26.1 

33.2 

Nitrogen generation rate (lb/day) ^ 

8.0 

22.6 

Hydrogen generation rate (lb/day) ^ 

4.75 

7.59 

Water consumption (lb/day) ^ 

29.3 

37.3 

Hydrazine consumption (lb/day) ^ 

9.72 

27.5 

Power consumption 



Day (unregulated 40 to 60 Vdc)(W) 

7,830 

13,300 

Night (regulated 28 Vdc)(W) 

3,180 

5,160 

Heat rejection 



Day (Btu/hr) 

13,700 

23,900 

Night (Btu/hr) 

4,720 

7,960 

N 2 supply (lb/day) 

Output pressure, H 2 and 0 2 /N 2> 
variable (psia) 

0.07 

0.09 

1 to 12 

1 to 12 

Operating temperature (° F) 

75 

75 

Number of active modules 

9 

12 

Total system weight, with spares (lb) 

862 

862 

Weight of replaceable module (lb) 

46.6 

46.6 


(a) 


Day-night average 











Section 3 
CONCLUSIONS 


3.1 ELECTRODE DEVELOPMENT 

Experimental electrodes were developed with performance comparable to the commer- 
cial material used in previous programs. Their suitability for use in a hydrazine elec- 
trolysis system was demonstrated by the performance of three of these electrodes as 
anodes in the one-man model O^N,, system testing. Exploratory testing of reduced- 
catalyst cathodes also indicated an approach to improvement in hydrazine reaction 
efficiency. 

3. 2 ONE-MAN MODEL O^^ SYSTEM 

The one-man model O^/N^ generator integrated with a cabin and metabolic/leak sim- 
ulator provided an excellent testbed for evaluating the hydrazine water electrolysis 
approach to a noncryogenic O^/Ng generation system. Significant data concerning 
component performance , system control techniques , and cabin atmosphere control 
characteristics were obtained. Adequate control of the cabin simulator total pres- 
sure and oxygen partial pressure were demonstrated. 

3.3 COMPUTER MODEL 

The computer routine model, developed under Contract NAS1-7706, was revised and 
updated based on the system test data. Reasonable agreement was obtained between 
the test and computer prediction of space cabin atmosphere control. The revised com- 
puter routine predicts adequate control of a full-scale 12-man space station cabin. 
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3.4 PRELIMINARY SYSTEM DESIGN 


A preliminary design effort with emphasis on maintainability, reliability, a sound basis 
of experimental data and proven concepts resultec in the preliminary design and speci- 
fication of a 12-man O^/Ng generation system suitable for space station use. The com- 
plete system to support 12-men for 180 days at the nominal metabolic and leakage rate 
with a reliability of 0. 9980 requires a maximum of 7,830 watts of power and has a total 
fixed weight of 862 lb, including spares. The weight of an individual replaceable module 
is 46. 6 lb. The system is capable of handling a maximum cabin leakage of 33. 7 lb/ day. 
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LIBRARY CARD ABSTRACT 


Research was conducted in the development of a noncryogenic technique of hydrazine/ 
water electrolysis for generating oxygen and nitrogen for use in long-duration manned 
space missions. A breadboard one-man model O^/N^ generation system was integrated 
with a cabin and metabolic/leak simulator. Automatic control of the cabin total pressure 
and cabin oxygen partial pressure was demonstrated for various metabolic loads with a 
fixed cabin leak; ge. A total of four one-week tests were run. Experimental electrodes 
were tested in the system in addition to some 5, 000 hr of cumulative single-cell tests. 

A computer routine model of the O^/N^ generation system was revised and verified 
with experimental test data. A preliminary design and specification of a full-scale 12- 
man Og/Ng system was completed yielding a system capable of handling up to 33. 7 lb/day 
cabin leakage and a 12-man metabolic load. Total system weight, including spares, is 
862 lb. The system requires a maximum of 7, 830 watts under nominal conditions and 
has redundancy and spares for a reliability of 0. 9980 for a 180-day mission. 





Appendix A 

ONE-MAN MODEL SYSTEM CIRCUIT DIAGRAMS 

Circuit diagrams of the control logic, power conditioning, and voltage/current monitors 
used in the one-man model 0^/N ? system are presented in this Appendix. 
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CUIfKFNT REGULATOR CARD 



Fig. A-3 Current Regulator 

















Appendix B 

OPERATION INSTRUCTIONS FOR THE ONE-MAN MODEL O./N, SYSTEM 

-- C. 


A. Manual Shutdown 

1. Emergency shutdown: Disconnect labelled power supply cords behind monitor- 
ing consoles. 

2. Normal shutdown: 

a. Turn off N n H . feed switch. 

2 4 

b. Turn off HgO feed switch. 

c. Turn on N 2 purge switch. 

d. Switch to manual, low current mode on electrolysis module control panel. 

e. Turn off module power switch. 

f. Turn off dia-pump switch. 

g. Turn off KOH pump switch. 

h. Turn off power supplies in this order: 

(1) 28 Vdc (PS 3) 

(2) 28 Vdc (PS 2) 

(3) 5 Vdc (PS 1) 

i. Press POWER OFF button. 

3 . Pin reservoir. 

k. Check N 2 purge flow rate and adjust. 

B. Manual Start-up 

1. Switch positions: 

a. Module power — off 

b. Module mode - manual, low 

c. Safety override - on 

d. N 0 H. feed — off 

e. NgO feed -off 

f . N 2 purge - on 

g. KOH pump - off 

h. Dia-pump— off 
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2. Press POWER ON button. 

3. Turn on power supplies in this order: 


a. 5 Vdc (PS 1) 

b. 28 Vdc (PS 2) 

c. 28 Vdc (PS 3) 

4. Press RESET button. 

5. Turn on KOH pump switch: Adjust variac to 70 or flow of 5 units on flowmeter 
C. Check to see that bubble separator gas line is not drawing in H 2 0; adjust 
flow downward with flow control value if there is suction pressure or bubble 
separator. 

6. Turn on I^O feed switch. 

7. Turn on module power switch; check that low currents (modules A and B) read 
~11. 2 mV. 

8. Switch to manual high current; check that currents (modules A and B) read 
~33. 8 mV. 

9. Turn on dia-pump switch. When P^^jq reaches 12. 3 psia (~61.5 on recorder), 
do the following: 

a. Switch to automatic current. 

Turn off N 2 purge. 

Turn off safety override. 

Set metabolic leak to cc/min. ( SS). 


b. 

c. 

d. 

e. 

f. 

g. 


Set N 2 makeup to 

Turn on N 0 H . feed to 

2 4 

Set pressure regulator to 1 psig. 


cc/min. (_ 
cc/min. (_ 
cc/min. ( 


_SS). 

SS). 


C. Start-up From Automatic Shutdown 
1. Switch positions: 

a. Module power - off 

b. Module mode - manual, low 

c. Safety override — on 

d. N^H. feed - off 

2 4 

e H 2 0 feed - off 
f . N 2 purge - on 
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g. KOH pump - off, variac 0 

h. Dia-pump - off 

2. Press RESET button. 

3. Turn on KOH pump switch; adjust flow with variac (~70 V). 

4. Turn on H 2 0 feed switch. 

5. Turn on module power switch; check low currents (~11. 2 mV), then check high 
currents (~33. 8 mV). 

6. Turn on dia-pump; adjust metabolic leak and N 2 makeup. 

7. Turn off N 2 purge switch. 

8. Turn on N 0 H. feed. 

2 4 

D. Calibration 

1. F3 0 2 Analyzer 

a. Open cal vent valve . 

b. Set cal vent 3- way valve in vent position. 

c. Set cal loop 3- way valve in cal position. 

d. Set 3-way valve in N 2 position. 

e. Adjust flow through cal loop flowmeter to ~50 cc/min. 

f. Allow ~10 to 15 minutes for purging of F3; then adjust F3 zero knob to 
read 0 percent. 

g. Set 0 2 /N 2 3-way valve in 0 2 position. 

h. Allow ~10 to 15 minutes for purging of F3; then adjust F3 span knob to 
read 100 percent. 

i. Return 3-way valves to normal cal loop positions: 

(1) Cal loop 3 -way valve in loop nos* r vu 

(2) Cal vent 3-way valve in loop pc.ij lion 

(3) 0 2 /N 2 3-way valve in N 2 position 

2. PC> 2 Control Sensor and Data Sensor 

a. Turn off N 2 H^ feed switch. 

b. Turn on sensor bypass valve and turn off sensor loop valves. 

c. Disconnect sensor cables and remove sensors from canister, then recon- 
nect sensor cables. 
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d. Turn control amplifier to zero position and adjust zero reading; turn to 
250 mm position and set calibration to give meter reading of 118 mm. 
Repeat same procedure for data sensor; also check that PO^ recorder 
reads correctly (the zero can be adjusted on the recorder). 

e. Replace sensors in canister; turn on sensor valves and turn off bypass 
valve. 

f. Turn on feed switch. 

g. If sensor is reading above 154 mm, note reading and turn calibration knob 
below 154 mm, then back to reading noted. 

3. PC> 2 Safety sensor 

a. Turn on safety override switch. 

b. Turn on sensor bypass valve and turn off sensor loop valves. 

c. Remove sensor from canister. 

d. Turn amplifier to zero position and adjust zero reading; turn to 1, 000-mm 
scale and set reading with calibration knob to 160 mm. 

e. Replace sensor in canister; turn on sensor loop valves and close bypass 
valve. 

f. Turn off safety override switch. 

E. Current Adjustment 

1. Adjust low current as follows: 

a. Switch on manual low current. 

b. Connect voltmeter to module current readout. 

c. Put module current- selector switch on "A” and adjust ’’low A" potentiom- 
eter on Electronics Card 1 to read ~11.2 mV. 

d. Switch to ”B” and adjust "low B" potentiometer on Card 1 to read 
~11. 2 mV. 

2. Adjust high current as follows: 

a. Switch to high current on the electrolysis module. 

b. Turn current- selector switch to "A" and adjust "A high” potentiometer or* 
Electronics Card 1 to ~33. 8 mV. 

c. Switch to "B" and repeat. 
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F. Filling HgO and N 2 H^ Tanks 

1. Fill HgC tank as follows: 

a. Turn off H 2 0 feed switch. 

b. Close off tank pressurization valve tc isolate H 9 0 tank from N 2 supply. 

c. Open H 2 0 vent valve to depressurize H 2 0 tank. 

d. Drain HgO tank through HgO fill line and measure volume of H 2 0. 

e. Connect H 2 0 fill bottle to H 2 0 fill line. 

f. Open HgO fill valve. 

g. Pump in measured amount of distilled H 2 0. 

h. Close H 2 0 fill valve. 

i. Close H 2 0 vent valve. 

j. Open tank ressurization valve to pressurize H 2 0 tank. 

k. Turn on H 2 0 feed switch. 

2. Fill N 0 H. tank as follows: 

2 4 

a. Turn off N 2 H^ feed switch. 

b. Open vent valve to depressurize tank. Keep N 2 purge flowing 
over N 2 H^ tank. 

c. Drain from N 2 H^ tank through iill line, and measure volume. 

d. Connect fill bottle to N 2 H^ fill line. 

e. Open N 2 H^ fill valve. 

f. Pump in measured volume of NgH^, but do not pump in air . Measure 
remaining N 2 H^ in fill bottle to determine amount of introduced 
into tank. 

g. Close fill valve. 

h. lose vent valve to pressurize tank. 

i. Turn on N n H. feed switch. 

2 4 
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BREADBOARD SYSTEM TEST DATA LOGS 
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